Protection Design

Guidelines

Stakeholder Requirements

DOCUMENT HIERARCHY
Organisational Objectives
This document resides within the Planning component of

Western Power’s Asset Management System (AMS). B

DOCUMENT DATE

This document was last updated March 2024. R

Asset Operations

IMPLEMENTATION DATE & Maintenance
Network Operations

This document came into service April 2017. Rt oE amaaaan

Knowledge Management
Asset Management Tools & Systems

“
E
a
]
2
&
-
£
@
z
@
&
&
E
&
=
w
5
%
o
e
o
=
@

£
;
Ey
=
z
E
=
T
2
&
o
]
©

DOCUMENT CONTROL

Record of endorsement, approval, stakeholders, and
notification list is provided at the end of EDM # 34258889.

RESPONSIBILITIES

Western Power’s Engineering and Design Function is
responsible for this document.

CONTACT

Western Power welcomes your comments, questions, and feedback on this document, which can be emailed to
standards.excellence@westernpower.com.au

DISCLAIMER

This document is published by Western Power for information purposes only. The user must make and rely on their own inquiries as to the
quality, currency, accuracy, completeness, and fitness for purpose of any information contained in this document. Western Power does not give
any warranty or make any representation concerning the information provided in this document. By using the information in this document, the
user acknowledges that they are solely responsible for obtaining independent professional advice prior to commencing any project, activities, or
other works. Western Power is not liable in any way for any loss, damage, liability, cost or claim of any kind whatsoever (including responsibility
by reason of its negligence) arising from or in connection with the use of or reliance on the information contained in this document. Western
Power reserves its rights to modify, supplement or cancel this document or any part thereof at any time and without notice to users.

COPYRIGHT

© Copyright 2024 Electricity Networks Corporation trading as Western Power. All rights reserved. No part of this work may be reproduced or
copied in any form or by any means without the written permission of Western Power or unless permitted under the Copyright Act 1968 (Cth).
Product or company names are trademarks or registered trademarks of their respective holders

© Western Power
ABN 18540492861

h—— ..E!westernpuwer

Uncontrolled document when printed
© Copyright 2022 Western Power



Contents

Contents
00 01 =T Pt 2
LTV o T T 0 T = | 13
B 1 4o o 1¥ ot T 14
00 A UV o To LY Y=Y o Y olo 1P 14
1.2 General Compliance REQUIrEMENTS ....uuvuuiie e et e e et e e e e e et e e e e e e e e e ataaaeeeeeeeeassannns 14
1.3 Availability of Internal Documentation ............ccoooi 14
i Y A o] o T {1V - o] o TSP PP PP PPPPPPPPPPRN 15
R T B 1= 1 V1 4o o F SO OPUPPPUPRPPR 16
I 20 LT =T o (ol =TSP P PP PPPPPUPRPPR 22
1.7 [T LoV To Yol U o 1= o1 £ RNt 23
2  Protection Philosophy and Performance Criteria ......ccccceeeiiiiiiiiiiiiiiiiiiiccceccceeeeseeee s eeeseee e e e eeeeeeeeeeeeeeeeens 24
B R [ o1 oo [¥ T £ o o F PO PP PPPT T PPPPPPPPR 24
0 2 Yo o o N 24
2.3 FUNCLIONAI REQUITEIMENTS ...uiiiiiiiiiiiiiiiittiitittteeetseeeeeeeseseesssssssssssssssssssssssssssssssssssssssssssssssssssnsnnnrns 24
2.4 Protection PhilOSOPNY ........uiiiiiiiiiiiiiiiiiiieieiieeteeeeeeeeeeeeeeseeaeesessesssssessssssssssssssssssssssssssssssssrsrnssrnnes 24
2.5  Protection Performance Criteria. ... .o i it 24
2.5.1 General REQUIFEMENTS . ... e e e e e 25
2.5.2 Duplication of ProteCtion .......ccuiiniii i 25
2.5.3 Availability of Protection SystemS.......ccuiiiiiiiiiii e 27
254 Maximum Total Fault Clearance TiMe .....ccouuuiiiiiiiieeiiii e 28
2.5.5 Critical Fault ClearanCe TiMES. .. .oceeuuu ittt e 33
2.5.6 Protection SeNSITIVITY ..o 35
2.6 Appendix A— Maximum Total Fault Clearance TIMES .....iiiiiiiiiiiiieiieieeeeeeeereeeeeeeeeeeeereeeeeeeees 38
2.6.1 EXiStiNg EQUIPMENT ..t 38
2.6.2 I LYY A =0 10 11 o 4 =3 o PPN 39
2.7  Appendix B—-Summary of Technical Rules Requirements for Discrimination, Sensitivity
and Maximum Total Fault Clearance TIMEeS ......ceiiiiieeiiiiieeeeeee et 40
2.7.1 Minimum Fault LeVEIS........uniiiii e 40
2.7.2 Maximum FaUIt LEVEIS ...coeeiiiiiiii e 40
3 Transmission Line and Cable Protection.........cccceeveeiiiiiiueiiniinieiininieiinieccssnecssssee e e 42
70 R 141 i o e [V o o B PO UU PSR OPPPP PP 42
A Yol ] o 1= PO UPP 42
3.3 FUNCLIONAI REQUITEMENTS ..uutiiiiiiiiiiiiiiiiiiiiittttittiatasetaraaaeeeaaeaesaeeassssesssssssssssssssssssssssssssssssssnnsnnnnes 42

- westernpnwer Uncontrollgd document when printed
© Copyright 2024 Western Power o 5 of377
age2o0



Contents

3.4 Transmission Line and Cable ProteCtion ............cccooiiiiiiiiiiiieeiiiiiieee e 42
34.1 INErOTUCTION 1.t e e e e e e e eaanes 42

3.4.2 DESIgN REQUITEMENES . ettt e e e e e aen e 47

3.4.3 Main Protection Systems Standard Functions..........cccccooiiiiiiiiiinii e, 52

3.4.4 Main Protection Systems Site Specific FUNCtions ..........ccccoeeiiiiiiiiiiiieee, 64

3.5 Appendix A—Transmission Line and Cable Design Requirements.........ccccvuveeeeeeeieviiiiiiineeeeeennns 65
3.6 Appendix B—Roles and Responsibilities.......ccoueieiiiiiiiiiiie e 67
3.7  Appendix C—Transmission Line and Cable Operating Zones........cccoeeeeiiiviiiiiiiieeeeeeeeiiccie e ee e, 67
3.8  Appendix D — Advantages / DiSadVantages .........cceeieeciureeeeeeeeeeeciieeeee e e e e eeeeireee e e e e e e eeeraeaaa e 68
3.8.1 Main Protection Schemes Advantages / Disadvantages........cccoeeevveeevvueeennnennnn.. 68

3.8.2 Interlocking Schemes Advantages / Disadvantages.......cocceeevevieeiieciiieeeineeennn.. 69

3.8.3 Stub Protection Advantages / Disadvantages ..ccoceeeeiiiiiiiiieeeieeeeeee, 70

3.9  Appendix E—Main Protection Scheme Selection..........cccooeieiiiiiiiiiiii e, 71
4 Busbar Prot@Ction ......ccceeeeiiiiiiiiiieitiiiiiinccentren e s s s aas 72
o R 1Y i o o (¥ ot To T3 HA TSP PPPP 72
A Yol o Y o 1= 72
4.3 FUNCLIONAl REGQUIFEMENTS ... aaan 72
A = TU Y o = Tl o <Tot i To o EE PSP P PP PPUP 72
44.1 INErOAUCTION c.uc it 72

4.4.2 (DT F=q o T =T LU L =Y g =Y o N 74

4.4.3 Main Protection System Standard FUNCLIONS .......coeviiiiiiiiii e 80

4.5  Appendix A — Busbar Design REQUIFEMENTS ........uuuuuuuunii e 81
4.6 APPENAIX B = FOIMUIA ..uuuiiiiiiiii e aaan 82
4.6.1 High Impedance FOrmula ........ooiiniiiii e 82

4.7  Appendix C— Operating ZONES .....coceeeeeeeeeee e 83
4.8  Appendix D — Western Power’s Preferred Busbar Protection schemes ......................c 84
4.8.1 330 kV, 220 kV, 132 kV and 66 KV ......uiiiiiiiiiiiiiiie e 84

4.8.2 33 kV, 22 kV, 22 kV, 11 kV, 6.6 kV INdoor BUSbars.........coeuviviiiiuiiiiiiieieieineenen, 84

4.8.3 33 KV OULAOOFr BUSDAIS c.eeieeeiiiie e 84

4.9  Appendix E— Advantages / DiSadVantages ......cccuveeeieeeeeeeiiiiiieeee e eeeeiivee e e e e e e e e e e e eaaans 85
4.9.1 Transmission Main Protection SChemes .........vviiiiiiiiiiiiiiie e 85

5 LV Switchboard Protection.........ccccceeiviiueiiiiiniiiiiiieiiiciecinniecsnecss e 86
70 R 11 i o e [V o o B OO PP PSR OPPPP PP 86
LT A Yl ] o = PO 86
53 FUNCLIONAI REQUITEIMENTS L.uutiiiiiiiiiiiiiiiiiiiiiieittttiutaeaeaaaaaeeeeesaesasesssssesssessssssssssssssssssssnsssssssssnsnnnnes 86

- westernpnwer Uncontrollgd document when printed
© Copyright 2024 Western Power o 300377
age3o0



Contents

5.4 LV SWitchboard ProteCtion ......cc.eiieiiiiiiiiiee et e e e e e s eeeeens 86
5.4.1 INErOTUCTION 1.t e e e e e e e eaanes 86

5.4.2 DESIgN REQUITEMENES . ettt e e e e e aen e 87

5.5  Appendix A — ProteCtion OVEIVIEWS .......ccuiuiiiiieeeeieeiiiiiiie e e e e e eettiies e e e e e e e atataaaeeeaeasaastaaaaaaaaaennes 91
5.5.1 ) = [ Lo =T o I DTy 1= o S 91

5.5.2 NON-StANAArd DESIZN c.uuiuiiiiii e e e e e e e e 94

L 1 T4 3 0T o T=T gl o =Tt [ N 96
(70 R [ o1 oo [¥ T £ o o F TSP P PP P PPPPPPPPP 96
(0 2 Yo o o 1N 96
6.3 FUNCLIONAl REQUITEMENTS ...ceiiiiiiee e e et e e e e e e e e et e e e e e e eeaatsaeeeeeeeesesnnan 96
6.4 TransformMer Prot@CiON ......o i ettt et et e e e 96
6.4.1 INEFOAUCTION et e e e e e eaaaes 96

6.4.2 DeSigN REQUITEMENES . e e e e e e e e 99

6.4.3 Main Protection System Standard FUNCLiONS ........cccvvviiiiiiiiii e, 102

6.5  Appendix A—Transformer Design ReQUIrEMENTS.........uuuvruuririrreerierirrrreererrerrerrrererrrrrrr————————. 117
6.6  Appendix B—Roles and ReSpONSIbIlItieS..........uuuiiiiiiiiiiiiiiiiiiiiiiiiiiirerieeeeeeeeeeeeeerereseesseseeeeeaee——.s 119
6.7  AppPendixXx C— OpPerating ZONES....uuuuuuie i e e e eeieeiie e e et e e e e e e e et e e e e e e ee et e e eeeeereranaaas 119
6.8  Appendix D — Brownfield Main Protection System Requirements.............eevveeeeeveeeveveeeeeeenennnns 121
6.9  Appendix E— Role of Protection FUNCLIONS ..........uuiiiiiiiiiiiiiiiiiiiieiiiiieeeeeereeesseessssressesssserseerreae. 123
6.10 Appendix F — Short-CirCuit APPar€Nt POWET ..........uuuuviiieieeerieeiereereeeeeessesrereessesssereseessserrree——.. 124
6.11 Appendix G — 22 kV Earthing Transformer Impedance Calculation...........ccccevvvvviiviirvieeeeeennnnns 125
6.11.1 22 kV High Impedance Earthing Transformer..........ccoccoiiiiiiiiiiiiiii e 125
6.11.2 22 kV Low Impedance Earthing Transformer ..........cc.coeiiiiiiiiiiiii e 125

6.12 Appendix H—Restricted Earth FAUIt ...........uviiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeee e eeeeeeeeeeeeeeesseeeeeeereeanes 126
6.12.1  Earthed Star Point Winding ......couoiiniiiiiii e 126
6.12.2  Unearthed Star Point and Delta Windings .........ccoooviiiiiiiiiieeeeeeeeeeeeas 126

7 Bus Section ProteCtion ........cccovueeeeiiiiiiiiiiineeiiiiiiiinnnetecnnnsnssseec s s saaes 128
2% R 101 o T [0 o1 i o o F P PO PT ORI 128
2 A Yoo o = SO SPPN 128
7.3 FUNCLIONAI REQUIFEMENTS ..uuuiiiiiiiiiiiiiiiiii s aaannsannnnnnnan 128
7.4 BUS SECHiON ProteCION ...uueiiiiiiiiiiii e 128
7.4.1 INEFOAUCTION et e eeae 128

7.4.2 DESIZN REGUINEIMENTS ittt et e e e e et e e e e eneans 128

7.4.3 SEANAArd FUNCHIONS ..ciiitieceiie et 129

7.5  Appendix A — Bus Section Design ReqUIrE€MENTS .........uuuuuuuuiuuiiiiiii e 133

- westernpnwer Uncontrollgd document when printed
© Copyright 2024 Western Power bace 4 of 377
agedo



Contents

7.6 APPeNndixXx B — OPerating ZONES....uuuuiiieeeieeeeiiiciie e e e e e ettt ree e e e e e e e et a e e e e e e e ettt a e e e e e aatr s 134
8  Circuit Breaker Protection .......cccccceeeeiiiiiciiiiinimniiiiiicienenncnissccensese s sassse e assss e s s s sssssnes 135
0 A [ oY oo [F Tt o] o FR RSO T TP O PP PP PUURTPPPPI 135
S 0 A Y o] o SN 135
8.3 FUNCLIONAl REQUITEMENTS ..ceeiiiiiiie e e e e e e e ettt e e e e e e e e e et e e e e eaeeesassanaaeeaaeannes 135
8.4  Circuit Breaker ProteCtioN .....coii ettt e e e e e e e e e e e e e anneeees 136
8.4.1 INEFOTUCEION 1.t e e e e e e e eeas 136

8.4.2 DESIgN REQUITEMENES ..t e e ens 141

8.4.3 StaNdard FUNCEIONS .. cceuiiit e et e e 145

8.5  Appendix A — Circuit Breaker Design ReqUIr€MENtS........ccieeeiiieiiiiiiiiiee e eeeeeeien e e ee s 152
Lo B == T [=T o o =T o o Y o RS 154
T8 R [ o1 oo [¥ Tt o] o FA PP PP PP PUURT R PPP 154
1S B A Yo o PPN 154
9.3 FUNCLIONAl REQUITEMENTS .ceiiiiiiiiie e e e e e et r e e e e e e e e et e e e e e e eesaeannaeeaaaannes 154
9.4 FEEUEr ProteCLION oottt ettt e e e et e e e e e s s e e e e e e e e 154
9.4.1 INEFOAUCTION 1.t e e eeeas 154

9.4.2 DESIigN REQUITEMENES ..ttt e e eas 155

9.4.3 Main Protection System Standard FUNCLiONS .........cccooiiiiiiiiiiiiieee, 157

9.4.4 Main Protection System Site Specific Functions...........ccooiiiiiiiiiiii i, 166

9.4.5 Second Protection System Standard FUNCLiONS..........cooviiiiiiiiiiiii e 167

9.5 Appendix A—Feeder Design REQUIFEMENTS . ...uiieiiiiiiiiiiiiie e ee et e e e e e e e e 168
9.6  Appendix B—Roles and ResSponSibilities...........uuuuuiiuiiiiiiiiiiiiiiiiiiiiiiirsssrerrrrerrerrrererrerr————————. 170
9.7  ApPPeNndiX C— OPEIratiNg ZONES ........uuuuuuureerrrerrrrsrrsssssesssssssssssssssssssssssssssssssssssssrerrrer. 171
10 Capacitor BanKs Prot@CHION ......cccccccciiriiiiicccccececceceeeceseesess e s ss s s s s s s s s s s s s s s s s s s s s s sssnssnsnnnnnnnn 172
00 R [ 144 o o [¥ T 1 oY o PP P OP P PP OPPPPPPPPPRRN 172
00 Yol T o 1 PSP 172
10.3  Functional REQUINEMENTS ...ccceeiiiiiiiicee e 172
10.4 Capacitor Bank Protection ... 172
10.4. 1 INErOQUCTION cettiee it ettt et e e et e e eeeaas 172

10.4.2  DeSigN REQUINEMENTS . iuiti ittt e et e e e et e e e e e e eaeaneans 174

10.4.3  Main Protection System Standard FUNCLIONS ........ccceviiiiiiiiiiiie e, 176
10.4.4  Main Protection System Site Specific FUNCtIONS........ccceiiiiiiiiiiiie e, 180

10.5 Appendix A — Capacitor Bank Design Requirements...........cccceeeiiiiiiiii 182
10.6 Appendix B—Roles and Responsibilities..........ccccooiiiii 184
10.7 Appendix C — Electrical Model of the Capacitor bank................cccco 185

- westernpnwer Uncontrollgd document when printed
© Copyright 2024 Western Power o 5 of377
age5o0



Contents

10.7.1  FOIMUIA coaee e et et e e e et e et e e e eaanas 185
10.7.2  ReqUIred STUAIES .uvuiiiiiic e e e e ans 185

10.8 Appendix D — Advantages / DisadVantages.......ccccveeeeeeeeiiieiiieeeee e eeeeeeeeee e e e e e e e e e e e 187
10.8.1  Distribution Second Protection Systems.......c.oiviiiiiiiiiiiii e, 187

10.9  AppendiX E — INTIIOCKING ....uu e e e e e e e e e et e e e e e e eeaesaaas 188
10.9.1  EXEErNal TIMEIS couneii ittt et et et e et et e e e e e e e eenaes 188
10.9.2  Access the Capacitor BankK.......oceeiuiiiiiiiiicie e 188
10.9.3  Restoring the SYStemM ..o 188
O IR Y U o o] =T3P 188

11 Reactor Banks Protection...........ccciiveimmeeiiiiiiiiiiiieiiicininsnseeereesnsssesrre e aess e 189
0 00 R [ 4o To [0 [ IO 189
0 Yoo o 1T 189
0 T ST U o Tl oY o F= Y I R {=To [0 1T =T g Y= g U 189
11.4  Reactor Bank ProteCtioN........ccuiiuiiiiiiiiieie ettt s 189
S R 11} 4 o o [ U1 £ o o PR PPNt 189
0 A B 1T P o W =Y [ U TN =T 4 = N 190
11.4.3  Main Protection System Standard FUNCLIONS ......cvvviiiiiiiiiiii e 192
11.4.4  Main Protection System Site Specific FUNCLIONS.......cccevviiiiiiiiiiiiie e, 197

11.5 Appendix A — Reactor Bank Design Requirements ..........cccooeeiiiiiiiiiii 202
11.6  Appendix B—Roles and Responsibilities..........ccccoo 204
11.7 Appendix C— Advantages / DiSadVantages ........coocvurrieeeeeeeieiiiiieeeee e eeeectee e e e e e e e e 205
11.7.1  Distribution Second Protection SyStemsS.........ccveiuiiiiiiiiiiiie e 205
11.7.2  Transmission Protection SyStemMS. ... iuii i 205

11.8  Appendix D—Interlocking ... 207
11.8.1  EXEEIrNal TIMEIS oottt ettt e et e et e e e eaaans 207
11.8.2  Access the ReaCtor Bank .....cc..uuiiiiiiiiiiiiiiiie e 207
11.8.3  RestOring the SYSTeM ... e 207
R S U oY o] =T PP 207

11.9 Appendix E—Restricted Earth Fault..........cccoooiiiiiie 208
11.9.1  Earthed Star Point Winding ......ccoueiiiiiiiiece e 208

12  Under Voltage Load Shedding.......cccccciiiiiiiiiiiiiiiiicicececccecccecescesesesssesessssssssssssssssssssssssssssssssssssssssssnnns 209
121 INEFOAUCTION 1t ettt ettt e e et e e e e ab e e e e bt et e e snteeeesanneneenaas 209
3 Yolo I o 1SR UPPRPPR 209
12.3  Specific Compliance ReEqQUIre€MENTS.......cccciiiiiiiiii 209
12.3.1  Technical Rules REQUIrTEMENTS .. ..uuiieiiiiei e 209

- westernpnwer Uncontrollgd document when printed
© Copyright 2024 Western Power o 6 of377
age6o



Contents

A S ¥ [ Tt [o]  F= 1 I 2=Te (U1 =T 1= o £ UUUPPU 210
12.5 Under Voltage Load Shedding ........couuiiiiiiiiiieecie et e e e e et e e e e e e e eeraaaans 210
12.5.1  INtrodUCTION ..ue e 210
12.5.2  DeSigN REQUINEMENTS .. euie it e e et e e e e e e e e eneaenns 212
S T Y - o o 1 0 =Pt 213

12.6 Appendix A —Under Voltage Load Shedding Design Requirements.........cccceeevvvviiiiiieeeeeeeennnnnn. 215
12.7 Appendix B — Roles and Responsibilities........cccuuuuiiieiiiiiiiicii e e 217
13 Under Frequency Load Shedding.......ccciiiueiiiiiiiiiiiiiciiciniinnnieeeiccenineeennesssiesssseeesnnsssssssssssssnnnnsssssnns 218
G R R 1o o To [U o1 o PO PP PTT P PPPPPPPUPPRN 218
3 70 Y ol T 1 218
13.3 Specific Compliance ReEqQUIreMENTS........cccoiiiiiiiii 218
13.3.1 Technical Rules REQUIrEMENTS .....ciuiieiiiiii e e 218

13.4  FUNCLiONAl REQUIFEMENTS .oviiiiiiei et e e e e e e e ettt re e e e e e e e e e taaa e e eeeeseessanaeeeeeeerssennen 218
13.5 Under Frequency Load Shedding .........uuuiiiiiiiiiiiiie et e e e e e e e e e e e eaeaaas 218
13.5.1  INErOdUCTION cuuiei e e 218
13.5.2  DESIGN REQUITEMENTS cu ittt et e e et e e e e e eaeenaan 219
13.5.3  Standard UFLS FUNCHIONS......ciuuiiiiiiieiii ettt e ea e 220

13.6  Appendix A — UFLS Design REQUIFEMENTS ...ccvvviiiieieieiiieiiiiie e et e e e e e e e e e e aeaa s 222
13.7 Appendix B—Roles and Responsibilities..........cccccooi 222
14 Generation Interconnection Protection ..........ccccveeeeiiiiiiiiiiieeeiiiniiiiiieereee e 223
I R [ o W o Yo [0 o ISP PP 223
Yoo o 1T 223
14.3  Functional REQUIrEMENTS ...ccceeiiiiiiiiie e 223
14.4 Generator Interconnection Protection ... 224
1441 INErOTUCTION ceut e et 224
14.4.2  DeSiN REQUITEMENTS .ot ittt ittt et e e e e e e et e e et e e et e e e aeenaanas 224

14.5 Appendix A —Under Voltage Load Shedding Design Requirements..............ccccceeeeeei . 236
14.6 Appendix B —Roles and Responsibilities..........ccccoi 237
14.7  Appendix C— Operating ZONES .....ccooeiiiiiieeeeeee e 238
14.7.1  Distribution VOItage......coviiiiiie e 238
14.7.2  TransmissSion VO aZe ... cvuiiiiiiie e e 239

14.8 Appendix D —Design OPtioNS ....cccoiviiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeee e 240
T4.8.1 SN SV ittt e aaas 240
14.8.2  Automatic Reclose Dead TiMe .....ciiuuiiiiiiie et 240

15  Protection Grading...ccccccccccceeieiiiiiiriiieeeeeeeeeeeeeseeeeesesssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnns 242

- westernpnwer Uncontrollgd document when printed
© Copyright 2024 Western Power o S of377
age70



Contents

T R o { o Yo [V o1 o o P TP PPTT P PPPPPPPPPPTRRNt 242
S 70 Yol T o1 242
T T W[ Tt [oT o F= 1IN 2Y=To (W11 =T o 1= o} €S UUPP 242
S A o (Yot u To T o T € = To 1127 = PP 242
15.4.1  INtrodUCTION ..ueee e 242
15.4.2  Maximum CommoN CUMTENTS. ... ceuiii e e enns 242
rading adial, ing and nterconnected ystems.......cc....ccccoiiiiiiiiiinieninnnn, 242

15.4.4  Inverse Definite Minimum Time Grading.........cooooiiiiiiiiiiiii i, 242

T B CT - 1o I = d Y =T =4 1 o 242
15.4.6  Total Fault Clearance TimMe ... e i e e 243

15.5 Appendix A — Variable and Fixed Components of Common Relays.....................ccl. 244
15.6  Appendix B — IDMT CharaCteriStiCS....uuuuuiieiiieiiiiiiiiie e e eeeeetree e e e e e etee e e e e e e eearaa e e e e e e eeeeennas 245
S T Tt A o 0= o o K-t 245
15.6.2 UV ettt ettt ettt ettt ettt 245

15.7 Appendix C— Disk INte@gration ... 246
16  Protection SENSItIVITY ..ucciiiiiiiiiiiiiiiiiiiiiiiiiiinirrerrecssssrereernnneseesseeesnnsssssssssesssnnnssssssssssssnnnnnssssnns 248
16.1  INErOTUCTION ceieiiiiieeeeee et e e e e s s e e e e e s st e et e e e e s snnbrrreeeeeeeean 248
ST Yol o 1T 248
16.3 Specific Compliance REQUIrEMENTS........cooiiiiiiii 248
16.3.1  Technical RUlesS REQUITEMENTS .. ccuuiieiiieie e 248

16.4  Functional REQUIrEMENTS ....cceeiiiiiiiiiee 248
16.4.1  Normal Operating State .....cuiiiuiiii e 248
16.4.2  Minimum System Condition ..o 248
16.4.3  Abnormal Equipment Condition ... 249

16.5  OVEICUITENT SENSITIVITY . cuuuiiiiie i e e e e e e e et e e e et s e e eeaa e e eeaaaneeeeanans 250
16.5. 1  OVEIVIEW. ittt 250

16.6  PeIfOrMANCE .ottt ettt e st e e e bt e e s e e s e e e as 250
16,62 K P SET = wuueetiti e ettt ettt et e ettt e et et e et et e e e ab e e eeaa s 250

Irors and  ISKS .couiiii e 250

16.6.4 Remedial Measures When Psp < 0%.......uciuuuieiiiiiiiieiiieeie e 253

16.6.5  ManNaging @ Psp K 000 cuuniniiiiiiie e e 253

16.7 Protection Sensitivity - TransmisSioN SYStEM .....ccuuuiiiiiiie e e e s 253
16.7.1  FaUlt DeTCION . ..u it e 253
16.7.2  High Impedance Faults... ..o 253
16.7.3  WeEaAK INTEE ..un e 253

- westernpnwer Uncontrollgd document when printed
© Copyright 2024 Western Power o 8 of 377
age 80



Contents

16.7.4  DeSigN OPtiONS oo e aaaas 253

16.8  APPENAIX A = IDMT CUMVES .ovuuuieeeeeeeetiiieie e e e e e ettt iee e e e e e eeeataaaaaeeaeeessataaaaaeeaeesssssnnnaaeaaeesssssnnns 254
16.8.1 Electromechanical RElays.....ccuiiiiniii e 254
16.8.2  NUMEIICAl REIAY ouiiniiiieii e e e e ans 255

16.9 Appendix B—Single Phase SYStemM.........uiiiiiii i e e e e e e et e e e e e e e aaaaaan 256
16.10 Appendix C—Effect of Tap Changer.......coooiiiiiiiiiiii 257
16.10.1  DiSCUSSION ceeuitietii ettt ettt ettt et ettt et e et et e e et e e e e e e e e eenns 257

16.11 APPENAIX D = FUSES .uuuieiiiieiiiiiie e e e e e ettt e e e e e e ettt eee e e e e e e eeeata e eeeeeseesssaaaeeeeeeeesssnnaneeeaaesessnnnn 258
0 I A I o o T W U 1Y = N 258
16.11.2 High Rupture Capacity FUSESs (HRC).....ouiiiuiiiiiiiiie e 258

16.12 Appendix E—Rulesof Thumb ... 259
16.12.1 Single CondUCtOr CirCUITS ..ovuiiniieii i e e e e e e e aaas 259
16.12.2 Bundled CONAUCLONS ..ceuuiiiieiiiieeei ettt e e e e e ena s 259
16.12.3 Cables and Aerial Bundled CoNdUCIOrS........ociiuuiiiiiiiiieeeeiii e 259

17 Selecting INStrument TranSfOrMErS...... .. ccceecrcrcrccccrcrcrrrrrrsre s s ssssssssssssssnsssssssnnnnnnnnnen 260
I R [ 4o To [0 o ISP PPPPPTTT 260
Yol T o 1T 260
17.3 Specific Compliance REQUIrEMENTS........cooiiiiiiiii 260
17.3.1  Relevant Australian Standards.........ooeeeeiuiiiiiiiiiiie e 260

17.4  Functional REQUIrEMENTS ...ccceiiiiiiiiii 260
17.5 Transformer FUNAamENnTals ......oouuiiiiiiiiiiiiie et 260
17.5.1  CONVENTIONS ettt e 260
17.5.2  Performance Specification Relationships........ccocoiviiiiiiiiiiin e, 261
17.5.3 Magnetising CUMENT . et e et e e e e e e e e e ae e enas 262
17.5.4  KNEe POINT VOIAZE .uuivniiiiiii e 262
17.5.5  REMANENCE ..ciiiiiii ettt 262
180 =) L ) 0 ] () 10 1) PR PP RPN 262
17.6.1  DeSigN REQUINEMENTS . uuit ittt e e e e e e e e e e et e et e e aaaaenas 263
17.6.2  Specification ReQUIrEMENTS......iiiiiieie e 264

17.7 Interposing Current Transformers ... 264
17.7.1  DeSigN REQUINMENTS . ettt e e e et e et e e e e e aeaneanenas 264
17.7.2  Specification ReqUIrEMENTS.....uuiiiiiie e 264

17.8 Voltage TransformMers. ... 266
17.8.1  DeSigN REQUINMENTS . euiti ittt e e et e e et e e e e eanenes 266
17.8.2  Specification ReqUIrEMENTS....cuuiiiiiie e e 266

- westernpnwer Uncontrollgd document when printed
© Copyright 2024 Western Power o 90f377
age9o0



Contents

17.9  AppendiX A —TransSient ANAlYSiS.......uuiiiiieeee e e e e e e e e e e ettt e e e e e e e seaataaeeeeeeeessennnns 267
17.10 Appendix B —Zero SEqQUENCE FIltEIING ....iieiiiiieiicie e e e e e e e e e ea e 267
17.20.1  IPCT REQUITEA. ettt et e e e e e e et e e e e e e e eae e e eaeens 267
17.10.2 IPCT NOt REQUITEA et e e e e e e e e e e e e ans 267

17.11 Appendix C — IPCT Ratio Effect on Transformer Bias Setting .............ccccccc . 267
17.11.1 Example of @ Ratio Adjusted IPCT ......ciuniiiiii e 268
17.11.2 Example of a Ratio Not Adjusted IPCT.......coouiiiiiieieeeee e 268

18 Transformer Sequence Networks and Fault CUITENtS.........ccccceeeiririiriiiiierircrreeesreeseeeesseseesessnnnnnnns 269
200 Yol T 1 269
RS 1o oo [U o1 o IO PP TP PPPPUPPPPPN 269
18.2.1  GENEIAlcie i e 269
18.2.2  Earthing TransfOrmMErs .....coouiiinii e 271
18.2.3  Ampere TUINS BalanCe ...uu i e e e e 271
18.2.4  AULOTraNSTOIMErS . .uiiii e e 276
18.2.5 Delta Winding VeCtor GrOUPS ... cuuuiiueiiieiieeiee et e e e e e eans 276
L18.2.6  PrOCESS ettt 277

18.3 Autotransformer (YnaOd1l + znl) ... 286
18.3.1  Three Phase LV Fault........ i 287
18.3.2  Phase to Phase LV FaUlt .....ccoiuiiiiiiiii e 289
18.3.3  Phase to Earth LV FaUlt.....ociiiiiiii e 292

18.4 Star-Delta with LV Earthing Transformer (YNd11 +zn) ..o, 294
18.4.1  Three Phase LV Fault.. ...t 295
18.4.2  Phase to Phase LV FaUlt .....ccoouiiiiiii e 298
18.4.3  Phase to Earth LV Fault......cooiiiiiii e 301

18.5 Star-Delta-Star, HV Earthed, LV Earthing Transformer (Ynd1ly +zn) .......ccocol. 303
18.5.1  Three Phase LV Fault.....c.uu i 304
18.5.2  Phase to Phase LV FauUlt .....coiiiiiiii e 306
18.5.3  Phase to Earth LV Fault......cooiiiiiiii e 308

18.6 Star-Star, LV Earthing Transformer (YY+zn) ... 309
18.6.1  Three Phase LV Fault.......vi i e 310
18.6.2  Phase to Phase LV Fault .....ccouuuiiiiiiiiieeii e 312
18.6.3  Phase to Earth LV Fault.....ccoeiuiiiiiii e 314

18.7 Star-Delta-Star, HV / LV Solidly Earthed (YNYN0) ........eeveeeiiiiiiiiiiieeee e 315
18.7.1  Three Phase LV Fault........i i 316
18.7.2  Phase to Phase LV Fault .....ccoouiiiiiiiii e 318

- westernpnwer Uncontrollgd document when printed
© Copyright 2024 Western Power o 100f377
age 100



Contents

18.7.3  Phase to Earth LV Fault....c..uoiiiiii e 320

18.8 Star-Delta-Star, LV Solidly Earthed (YA11yn) ... 322
18.8.1  Three Phase LV Fault. ..o e 322
18.8.2  Phase to Phase LV FauUlt .......iieiiii e 325
18.8.3  Phase to Earth LV Fault....cc..eiiiiii e 327

18.9 Star-Star, HV Solidly Earthed, LV Earthing Transformer (YnyO+zn) ...........c.cc, 328
18.9.1  Three Phase LV Fault.. ..o e 329
18.9.2  Phase to Phase LV Fault ...cc..uiiiiiii e 331
18.9.3  Phase to Earth LV Fault....c.oiiiiiii e 333

18.10 Delta-Star (DILYN) oo 334
18.10.1 Three Phase LV Fault......cceun i 335
18.10.2 Phase to Phase LV Fault ......coeeuiiiiii e 337
18.10.3  Phase CUIMENES c.uuieiieiiieeei ettt ettt et et e e e e e e e e et s e een e eenn s 338
18.10.4 Phase to Earth LV FaUlt ... coooeieiiiiiii e 339

18.11 AppendiXx A — @ OPEIrator......ccoceiiiiiiieeeeeeeeeeee 341
18.12 Appendix B—Common NOtation .......ueeeii i e e e e e s 342
18.13 ApPPeNndixX €= Per UNIt cooiiiiiiiie et e e e e e e et e e e e e e e e et it e e e e e e eerannaannans 342
18.13.1 Per Unit Base ValUES......uuiiiiiiiieeiiiiie et 342
RS 0 0 T A Yo U= o Yo 3PN 342
18.13.3  EXAMIPIO et e 342

19 Appendix A — Protection Grading EXampPIe.........ccccerieeiiiriiiiiiiccciceceesssesssssssssssssssssssssssssssssssssssssssnnnns 345
19.1  Overcurrent Grading Margins.........ooooiiiiiiiiii 345
19.1.1  Minimum Grading Margins.......cooueiiiiiiii e 345
19,02 RING Sy S M oot e 349
19.1.3  INterconNNeCted SYStEMIS....iiuiii it 349
19.1.4  Transformer Thermal LIMit (126) c....uueeeeereeeeeeeeeeseieeeseeeeseeeseeseseseesssseeeeeeeeennenee... 349

20 Appendix B - Selecting Instrument Transformers EXamples ........cccccvviiiiiiiiiniiiniinn, 351
DO I 3= 2 0T o L= U 351
20.2  Current TransSformMer EXamMIPIES. ... .. i i iuuieeiiiiiieiiiietiseesessrsssseseeressssreresesesrsrsrrrsrrrrarrrsrrrrrrrerrranes 351
20.2.1 KN POINT Lot 351

D0 . T 1 o O I & 11 o o 1R 352
20.3.1 R D ettt ettt et ettt e e et e e et e aaes 352
20.3.2 KN POINT ..o 354
20.3.3 RS ISTANCE .. i e 357
20.3.4  Zero SequUeNCEe FilteIING c.uoiuii e 358

- westernpnwer Uncontrollgd document when printed
© Copyright 2024 Western Power o 11 of377
agello



Contents

20.3.5 IPCT Ratio Effect on Transformer Bias Setting........ccccoevviiiiiiiiiiiiiiiiiieeeeeans 358

DO W - [ oY o] L= 360
20.4.1  Shunt Resistor CalCulation.........ceuuiiiiiiiii e 360

21 Appendix C - Ordering Interposing Current Transformers EXample .......cccccereiiiicciinenneneenincccsssnnnnnns 361
D R O T o 1=y 1o V= 1 = O 361
21.1.1  Interposing CT Specification .......ccou oo 361

22 Appendix D - Sequence Components & Phase Currents EXamples\.......cccccceeeereeeciinneeeeeeneecesssnnneenns 363
22.1  FUNCLiONal REQUITEMENTES ....ciiieeeeiiie et e e e e e e e et r e e e e e e e e et it e e e e e e e e aeraanaeeas 363

D A =12 01 o L= 363
2 0 R U=~ £ 1 o 1P 363

22.2.2  West Kalgoorlie Generator Zero SEQUENCE .....cuuivniiniiniiei e e e 364

22.2.3  Distribution Connected GeNnerator........ccoeevuuiiiiiiiiii e 365

23  Appendix E = Sensitivity EXAMPIES ...ccceeeeeiiiiiiiiiiiiiiiiiiiiienenicseiinneesnnsssssssesessnnsssssesssssssnnssssssssssanes 368
B2 70 R [ 01 o o [¥ Lo o o PP PTUP PP 368

B A Yoo o 1IN 368

23.3  FUNCLIONAl REQUITEIMENTS ...iiiiiiiiiiiiiiiiiiiieieeeeeeteeeeeeeeeeeesesseeaessssssssssssssssssssssssssssssssssssssssssssnsrnnes 368

P T T o 1Yo [T S PPPPPPUPPPPRS 369
23.4.1  Electromechancial and Numerical Relay Error and Risk Comparison ................. 369

23.4.2  Protection Sensitivity Performance.........c.ccoeiiiiiiiiiiii e 370

23.4.3  Effect of TAp Changer ..couniee i 371

24 Appendix F - IEC Protection Device Address Naming Convention.........ccccceeeeeiiiieeeieeeeeeeeeeeeeeeeeeeeennns 375
24.1 |EC Protection Device Address Naming CONVENTION ..........evviviiiiiiiiiiiieiieeeeeeeeeeeeeeeeeeeeeeereeereeeees 375
24.1.1  VOIAGE LEVEL..uoeiiiiieee e 375

24.1.2  Schematic ElemMent ..coouui i 375

24.1.3  Protection NUMDET . coouu et 375

2404 DEVICE NUMDET cottiiiiiiiii ettt ettt et e e et e e e eania e e 375

24.1.5  Inter site GOOSE SChEMES......uiiiiiiiiie e 376

- westernpnwer Uncontrollgd document when printed
© Copyright 2024 Western Power o 1 of 377
age 120



Contents

Revision Details

Version Date Summary of change Section
0 10 Jun 2016  Original. First Issue of the consolidated set of Automation &
Control Guidelines
0.1 16 Jan 2017 | Entire document has been reformatted.
1 10 Apr 2017 | Inclusion of Chapter: Supporting Documentation —
Demonstration of Protection Compliance
2 08 Jun 2018 2018 Review.
3 10Jan 2020 | 2020 Review.
4 03 Jan 2023 2022 Review.
5 22 Mar 2024 | Reformatted and prepared for external release.

_._lgwesternpuwer

Uncontrolled document when printed
© Copyright 2024 Western Power

Page 13 of 377



1 Introduction

1 Introduction

1.1 Purpose and Scope
The purpose of these guidelines are to:

1) Define the high level functional requirements for the protection systems used in Western Power’s
terminal stations and zone substations; and

2) Capture information which explains the reasoning behind the protection philosophy, design and
settings adopted on Western Power’s South West interconnected system (SWIS).

1.2 General Compliance Requirements

In general, the protection systems employed on the SWIS shall comply with the Technical Rules, Western
Power specific requirements and good electrical industry practices.

All protection designs must meet the requirements outlined in Section 2 — Protection Philosophy and
Performance Criteria.

Specialised requirements that are pertinent to specific protection systems are called out in the relevant
sections.

1.3 Availability of Internal Documentation

Some portions of this document are available to accredited vendors.

- westernpuwer Uncontrollgd document when printed
. © Copyright 2024 Western Power
8 Page 14 of 377



1 Introduction

1.4 Abbreviations

Table 1.1 — Abbreviations

Abbreviation ‘ Meaning

CMS Customer main switch.

DAR Delayed auto reclose

DMT Definite minimum time

ET Earthing Transformer

HSSPAR High speed single pole auto reclose
IDMT Inverse definite minimum time
NPS Negative phase sequence

PU Pickup

pu Per unit

SIR System impedance ratio

TMS Time multiplier setting

TPES Transmission protection equipment system.
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1 Introduction

1.5 Definitions

Table 1.2 — Definitions

Term Definition

Actual turns ratio

The turns ratio modified to account for line to phase transformations of currents and
voltages between transformer windings in three phase systems.

Additional function

Additional functions may be required for specific applications. Additional functions are
not listed in this guideline.

Adjacent feeder

A feeder that is directly connected or indirectly connected to the same busbar as a
distribution connected generator

Adjacent line

A line extending from a busbar connected to a protected line.

Aided tripping

Aided tripping is a historical term. Protection schemes can aid, or speed up, tripping by
sending permissive signals or removing blocking signals.

Apparent differential current

Differential current which is not caused by a fault in the operating zone.

Bus coupler A bus coupler circuit comprises a circuit breaker, associated disconnector(s) and
associated current transformers. Bus couplers are used to sectionalise busbars in
parallel.

Bus Section A bus section circuit comprises a circuit breaker, associated disconnector(s) and

associated current transformers. Bus sections are used to sectionalise busbars in series.

Circuit breaker break time

Interval of time between the beginning of the opening time of a mechanical switching
device and the end of the arcing time (defined in AS 62271 — 100 2008, definition
3.7.135 p.17)

Circuit breaker opening time

The interval of time between the instant of energising the opening release, the circuit
breaker being in the closed position, and the instant when the arcing contacts have
separated in all poles (defined in AS 62271 — 100 2008, definition 3.7.133 p.16).

Data display units

A display panel which when connected to the RTU is able to display SCADA status and
analogue points. The panel can have configurable displays showing alarms, metering
and status indications. A data display panel has the ability to maintain fleeting alarms.
It does not, however, time stamp events.

Dead time

The time between the circuit breaker trip and reclose.

Dedicated generator feeder

Dedicated generator feeders have no additional customers connected to the generator
feeder

Discrimination

The selective tripping of only those circuit breakers required to clear a fault with a
minimum loss of load

Distribution Voltage

6.6 kV, 11 kV, 22 kV, 33 kV

Downstream

Away from the source

Earth fault relay

Historical term used to describe a relay that detects zero sequence currents
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1 Introduction

Term Definition

Effectively earthed neutral System earthed through a sufficiently low impedance such that for all system

system conditions the ratio of the zero sequence reactance to the positive sequence reactance
(Xo / X1) is positive and less that 3 and the ratio of the zero sequence resistance to the
positive sequence reactance (Ro / X1) is positive and less than 1. Normally solidly
earthed neutral systems or low impedance earthed neutral systems (defined in AS
62271 — 100 2008, definition 3.7.128 p.7). Refer to Section 6.4.1.2.6 for further
explanation.

Evolving fault An evolving fault is usually defined as one which changes its configuration from one
fault type to another fault type (e.g. a ph-E fault to a multiphase fault).

Feeder A conductor on the distribution system supplying power to a specified area.

Includes any equipment attached at the feeder voltage from the zone substation circuit
breaker up to and including the distribution transformer HV bushings.

Finish wire The last wire in the TCS looping. The last wire terminating on the TCS element is always
a finish wire. The wire on the last terminal in the protection cubicle before the supply
goes out to the circuit breaker is a finish wire. A finish wire must always have an
associated start wire.

Generator feeder A distribution system feeder to which a generator is connected.

Generator interconnection The circuit extending from the Western Power zone substation or terminal yard to the
generator site. This will typically be a distribution feeder or transmission line circuit.

Grading Delaying the operation of successive upstream protection systems to allow
discrimination

Grading margin The time interval between operation of the major and minor relays.

High voltage (HV) The Technical Rules define high voltage as ‘any nominal voltage above 1 kV’. However,
when used in protection standards and guidelines, high voltage (HV) is defined as the
rated voltage of the high voltage winding of the power transformer (as defined in 3.3.4
of AS 60076.1 — 2005).

Human machine interface A computer providing an electronic MIMIC panel. The HMI provides a substation single
(HMI) line diagram showing layout and current configuration yard. The HMI also provides
local control, indication, alarms, isolation and metering functions. All data is received
and sent through the RTU.

Interlocked The protection scheme at one end of a line trips and sends a permissive signal or
removes a block signal to the other end.

Interconnected system A system of lines and substations with multiple sources

Large generator For the purposes of this guideline, a large generator refers to a generator with aggregate
rated capacity 2 10 MW

Load encroachment The distance relay will detect load as impedance with an angle typically £40 degrees
from the R-axis. The angle is settable in the relay. If the load is large enough it may
appear as a fault within the distance characteristic operating zone.
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1 Introduction

Term Definition

Local / Remote For the purpose of the circuit breaker, local means at the circuit breaker and remote
means either at the protection panel or EPCC.

For the purpose of protection operation and indication, local means at the protection
panel (or relay) and remote means EPCC.

Local backup is a form of backup protection located at the same site as the protection it
is backing up. The transformer LV backing up the feeder main protection system is an
example of a type of local backup protection.

Remote backup is a form of backup protection located a site remote to the protection it
is backing up. Distance protection is an example of a protection that can provide remote
backup.

Local faults Faults are considered local when they are within the same substation as the circuit
breaker

For 2-terminal lines faults are considered local when it is on the first 50% of impedance
from a substation providing they can be cleared by a circuit breaker in the local
substation

For lines with more than 2 terminals faults are considered local providing a circuit
breaker in the local substation is used in the fault clearance and:

1. Faultis on the same line section as the local substation containing the circuit
breaker or

2. Faultis within 50% of the shortest line impedance between the end in question
and the remote ends

All other faults are considered remote faults

Low level fault Faults that result in short circuit currents that are relatively small and are comparable
with load currents.

Low voltage (LV) The Technical Rules define low voltage as ‘any nominal voltage of 1 kV and below’.
However, for the purpose of protection standards and guidelines, low voltage (LV) is
defined as the rated voltage of the low voltage winding of the power transformer (as
defined in 3.3.5 of AS 60076.1 — 2005).

Major protection system The first upstream protection system from the minor protection system. Power flows
from the major relay location to the minor relay location.

Mimic A hardwired panel providing a single line diagram of the substation. It provides a single
point for local control and metering of the various circuits in the substation.

Minimum fault current (I min) | The fault current under minimum system conditions or abnormal equipment conditions
at the point of interest for the type of fault being considered.

Minor protection system The first upstream protection system from a fault.

Non-dedicated generator Non-dedicated generator feeders have additional customers connected to the
feeder generator feeder circuit. This includes generator feeders with and without reclosers.
Operating Voltage (Vop) In voltage measuring high impedance schemes Vop is the voltage developed across the

relay element. In current measuring high impedance schemes it is the voltage
developed across the stabilising resistor

Operating zone The portion of the protected circuit for which, when faulted, the main protection system
or second protection system is intended to operate.

Overcurrent relay Historical term used to describe a relay that is used to detect positive and negative
sequence currents. In practice they also detect zero sequence currents.

3 i WEStEr"FDWEr Uncontrollgd document when printed
© Copyright 2024 Western Power Page 18 of 377
age 180




1 Introduction

Term Definition

Primary operate current (POC)

For feeder protection this is the minimum nominal current at which a protection scheme
begins to operate. This is the primary amp pickup current requested by the distribution
engineer.

In high impedance schemes this is the sum of the secondary currents in a high
impedance scheme. This includes the relay operating current, the metrosil current, the
CT magnetising current, the stabilising resistor current and the CT supervision current
(if fitted).

The primary operate current of a drop out fuse is the current on the total clearing time-
current characteristic curve corresponding to 100 seconds.

The primary operate current of a high rupture capacity fuse is the specified critical
current.

Primary winding (instrument
transformers)

The primary winding of a CT is the winding connected to the system.
The primary winding of an IPCT is the winding connected to the main CT.

The primary winding of a VT is the winding connected to the system.

Primary winding (power
transformer)

Highest voltage winding with larger MVA rating. The source is connected to the
primary winding.

Protected line

The transmission line which the main protection system is designed to protect.

Protection operate time

The time it takes for a protection scheme to detect a fault and send a trip signal. This
includes any trip relays included in the scheme.

Protection 1

Protection scheme supplied by battery 1

Protection 2

Protection scheme supplied by battery 2

Protection sensitivity factor —
target (KPSFT)

A target which the sensitivity performance of the protection system is measured against.

Protection sensitivity factor —
calculated (Kpsec)

The ratio of the protection operating point of an overcurrent protection scheme to the
minimum fault current for the type of fault being considered.

Protection sensitivity
performance (Psp)

An indicator of the sensitivity of an overcurrent protection scheme with respect to the
protection sensitivity factor — target (Kpsr)

Psp = (Kpser — Kpsc) / Kpser x 100%

Radial system

Supplied from only 1 source

Ring system

A circuit consisting of several substations starting and finishing at the same busbar

Reactor

The technical definition of a reactor is any device introducing reactance to an electric
circuit. This definition includes both capacitors and inductors. The Technical Rules and
Western Powers use of the word limits the definition of a reactor to include inductors
only.

Reclaim time / reset time

The reclaim time is the period during which the automatic reclose function decides if
the fault is permanent or transient. If the fault is present during the reclaim time the
fault is considered permanent. If the fault is absent for the duration of the reclaim
time, the fault is considered transient. The reclaim time must e long enough to:

Allow the protection to operate for a permanent fault

Allow the circuit breaker enough time to be ready for another reclose.

Remote faults

All faults that are not local faults

g o=l westempnwer
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1 Introduction

Term Definition

SCADA device A device that incorporates remote metering and / or other SCADA functions. A
protection relay used to send alarms and indication to the RTU is a SCADA device.

Secondary Turns ratio (n) * Turns Ratio = 1 = 2phase _ N1 _ 2.phase (N1 depends on the tap)

2 phase Ny I _phase

Secondary winding (instrument | The secondary winding of a CT is connected to the metering or protection circuit.

transformers) The secondary winding of an IPCT is connected to the metering or protection relay.
The secondary winding of a VT is connected to the metering or protection circuit

Secondary winding (power Lower voltage winding with MVA rating equal or close to HV winding. Load is connected

transformer) to the secondary winding (e.g. other terminal stations, zone substations, or distribution
feeders and capacitors).

Sensitivity A general term that refers to the ability of a protection system to detect worst case fault
conditions in the operating zone. The sensitivity of an over current protection scheme is
the lowest pickup current, in primary amps, that will guarantee tripping.

Single pole tripping Each pole of the circuit breaker receives a separate trip signal.

Site specific functions Site specific functions are included in a design when the protection design engineer
determines that they are required.

Small generator A generator with aggregate rated capacity 2 30 kVA and <10 MW.

Small zone fault A fault which occurs on an area of equipment that is within the zone of detection of a
protection scheme, but for which not all contributions to the fault will be cleared by
the circuit breaker(s) tripped by that protection scheme. For example, a fault in the
area of equipment between a current transformer and a circuit breaker, fed from the
current transformer side, may be a small zone fault.

Stabilising resistor The purpose of a stabilising resistor is to adjust the operating voltage to prevent
incorrect operation for through faults due to CT saturation. In current measuring
schemes, the stabilising resistor is wired series with the relay element. In voltage
measuring schemes the stabilising resistor is wired in parallel with the relay element.

Standard functions Standard functions are included in all circuit specific designs. This allows for the
standardisation of setting orders.

Start wire The first wire in the TCS looping. The first wire coming out of the supply fuse is always a
start wire. A start wire must always have an associated finish wire

System backup protection A backup protection not required by the Technical Rules but one that is often
implemented because it can be done so at minimal additional cost (e.g. time stepped
distance implemented in a digital differential scheme).

System impedance ratio (SIR) | The source impedance divided by the line impedance.

Terminal station The Technical Rules define a terminal station as ‘a substation that transforms electricity
between two transmission voltages and which supplies electricity to zone substations
but which does not supply electricity to the distribution system’. For the purposes of this
guideline, a substation which does not transform but does switch transmission voltages
is also included in the definition

1The secondary and tertiary windings have a fixed number of turns. Their corresponding line voltages are shown on the rating plate. The primary tap
changer adjusts both the tertiary and secondary voltages, and therefore both the tertiary and secondary turns ratios, simultaneously.
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Term Definition

Tertiary voltage (TV)

For the purposes of this guideline, tertiary voltage (TV) is defined as the rated voltage of
the tertiary winding of the power transformer.

Tertiary winding (power
transformer)

Lower voltage winding used for flux equalization and, if brought out, has the lowest MVA
rating. Load may be connected to the tertiary winding if it is brought out (e.g. capacitors,
reactors, and station supplies).

Three pole tripping

All three poles of a circuit breaker receive the same trip signal

Transient recovery voltage
(TRV)

The voltage that appears across the circuit breaker terminals after current interruption.

Transmission Line

The Technical rules define a transmission line as ‘a power line that is part of the
transmission system’. For the purposes of this guideline, the definition of transmission
line also includes power cables in the transmission system

Tertiary turns ratio (nt) 2

. . V1 ph N. IT ph
Tertiary Turns Ratio = n, = —= = -1 = —22% (N, depends on the tap)
VT_phase Nt Il_phase

Transmission Voltage

66 kV, 132 kV, 220 kV, 330 kV

Upstream

Towards the source

Variable Shunt Reactor

A type of shunt reactor that has an adjustable rating

Weak Infeed

A weak infeed situation occurs when the fault contribution to a line fault from a particular
substation is small or close to zero. In this situation, the line protection may not be able
to clear the weak infeed within Technical Rules clearance times

2 The secondary and tertiary windings have a fixed number of turns. Their corresponding line voltages are shown on the rating plate. The primary tap
changer adjusts both the tertiary and secondary voltages, and therefore both the tertiary and secondary turns ratios, simultaneously.
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2 Protection Philosophy and Performance Criteria

2 Protection Philosophy and Performance Criteria

2.1 Introduction
The purposes of this section are to:
1) Define at a high level the protection philosophy and performance criteria for protection systems used

at Western Power terminal stations and zone substations.

2) Capture information which explains the reasoning behind protection philosophy adopted on Western
Power’s South West interconnected system (SWIS).

2.2 Scope

This section applies to transmission and distribution circuits either within or connected between a Western
Power terminal or zone substation. It does not include generation or distribution systems.

2.3 Functional Requirements
The functional requirements for protection systems are:

1) Detect and clear faults in the operating zone.

2) Detect and clear faults within times specified by the Technical Rules.
3) Coordinate with upstream and downstream protection systems.

4) Provide backup for downstream protection systems.

5) Clear faults within the thermal limits of associated primary equipment, including the power
transformer.

2.4 Protection Philosophy

Western Power’s philosophy of protection is based on the fact that any single contingency shall not affect
the performance of protection. This contingency could be:

1) Non availability of one item of primary equipment
2) Non availability of one item secondary equipment. Examples include:
a) Battery supply
b) Protection relay
c) Circuit breaker trip coil
d) CTor VT secondary core

e) Tele-protection signalling channel

2.5 Protection Performance Criteria

The Technical Rules outline the performance criteria that must be met by protection systems installed on the
SWIS. The purpose of this section is to clarify ambiguities in the Technical Rules.
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2 Protection Philosophy and Performance Criteria

2.5.1 General Requirements

2.5.1.1 Discrimination 3

A fault must be cleared by the minimum number of circuit breakers for all systems stronger than or equal
to the minimum system condition. Only the faulted plant can be removed from service. This applies for any
single secondary or primary equipment contingency for voltages above 33 kV 4.

Discrimination for single contingency secondary outages is not required at voltages of 33 kV and below

A circuit breaker failure (CB Fail) event shall not result in more than two major primary equipment items
being removed from service at voltages of 220 kV and above. Examples of major primary equipment
include lines, transformers and busbars. Backup protection is therefore required to coordinate with CB Fail
protection.

A circuit breaker failure (CB Fail) event may result in more than two major primary equipment items being
removed from service at voltages of 132 kV and below. Western Power accepts this could result in
complete loss of a terminal station or zone substation. Remote backup protection for a circuit breaker
failure is therefore acceptable.

2.5.1.2 Approved Protection Relays *
The main protection system and backup protection system relays shall:

1) Be purchased from recognised manufacturers of protection relays
2) Comply with IEC 60255

3) Be tested upon delivery to verify the manufacturer’s declared performance and any additional Western
Power requirements.

4) Numerical relays must have protection defective and device defective alarms capable of being
hardwired directly to a remote device (e.g. RTU or gateway).

5) Miniature circuit breakers (MCB) must have local and remote indication for an operation.
2.5.2 Duplication of Protection

2.5.2.1 Number of Protections Required ©

The number of protections that must be employed to protect a circuit on the SWIS is dependent on the
nominal voltage of the circuit that is faulted.

Table 2.1 summarises the number of protections required for circuits of different voltages.

Table 2.1 — Number of protections required by voltage level

Voltage Level Main Protection 1 | Main Protection 2 Backup Protection 1 Backup Protection 2
220 kV and above Yes Yes Yes Yes
66 kV and 132 kV Yes Yes Yes Small zone faults only

3 Technical Rules section 2.9.1(b)

4 Technical Rules clause 2.9.2(a)(1)
5> Technical Rules clause 2.9.1(c)

6 Technical Rules section 2.9.2
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2 Protection Philosophy and Performance Criteria

33 kV and below Yes Only if CFCT present No Yes’

Two local backup protection systems are required for primary equipment operating at 220 kV and above.
This is because discrimination of local backup protection systems is required. Discrimination is required
because Western Power does not accept a 330 kV terminal station being blacked out by a remote backup
operation to clear a small zone fault.

One local backup protection system is required for primary equipment operating at 66 kV or 132 kV. The local
backup system operates for circuit breaker failure. There is also a remote backup in the form of a zone 2
distance reach to clear small zone faults 8. Western Power accepts a remote backup operation resulting in
blacking out a substation if the local backup system fails.

While not required by the Technical Rules, duplicated local backup protection is preferred at 66 kV and 132
kV where duplicated communications channels are present. This has the following advantages:

1) Reduces reliance on general system backup by ensuring circuit breaker failure is initiated on the circuit
breaker being tripped.

2) Reduces the chance of blacking out a terminal station or zone substation for a remote backup
operation.

3) Caters for a circuit breaker failure coupled with a battery or relay failure.

2.5.2.2 System Backup Protection

System backup protection does not have to be included in every protection scheme. However each item of
primary equipment must be included within the operating zone of at least one backup protection scheme
(which could be provided by system backup protection). The following are examples of system backup:

1) Time stepped distance elements within digital differential protection relays. When possible, all digital
differential relays used to protect transmission line circuits shall have backup distance elements
enabled. This provides some level of protection should the quality of both independent
communications bearers diminish. This also provides an additional option to protect a circuit should a
single communications service be out of service for more than 48 hours (i.e. zone 2 timer can be
reduced to zero if CFCT present). Consecutive lines using double unit protections with no backup
distance protection available shall be avoided.

2) Overcurrent elements within numerical relays. Numerical relays shall be equipped with backup
overcurrent protection. ° Backup overcurrent provides some degree of protection should a
communications service or voltage transformer be out of service. Non-directional IDMT relays shall be
included in the backup protection 2 of all transformer HV circuits.

3) The Technical Rules requires that at least one of the main protection schemes on a transmission circuit
contain earth fault protection °. To ensure consistency of setting, IDMT earth fault protection shall be
provided by both protection schemes protecting transmission circuits.

System backup protection has no specified operating time requirement. Typically 2.5 seconds is expected.
System backup protection should be coordinated with other protection systems where useful
discrimination can be achieved; however, this is not an essential element of the protection. Sequential
tripping may be necessary to clear a fault.

7The backup is indicated as protection 2, due to the fact that it must be completely independent of the main protection (which is supplied from battery
1).

8 Technical Rules clause 2.9.2(a)2

9 While the relay must have this facility, enabling the function is a site specific requirement.

10 Technical Rules clause 2.9.2(a)1
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2 Protection Philosophy and Performance Criteria

2.5.2.3 Redundancy

Two fully independent schemes of differing principle are required to guard against common mode failure.
Western Power may require a User to demonstrate that the Users protection schemes do not have a
possibility of common mode failure.

2.5.2.3.1 Two Fully Independent Schemes

A single piece of Primary Equipment meets the requirement for two independent protection schemes under
the following conditions:

1) The circuit breaker has two independent tripping circuits. This is contingent on both protection
schemes providing circuit breaker failure.

2) The current transformer and voltage transformer has two independent secondary windings
3) Separate auxiliary supplies, signalling systems, cabling and wiring

2.5.2.3.2 Differing Principle

Western Power considers that the following relay variations satisfy the requirement for different operating
principles:

1) Different manufacturers with different hardware and different algorithms. Western Power’s approved
relays shall meet this criterion.

2) Same manufacture with different hardware and different algorithms. There must be no common mode
of failure (e.g. different power supplies, inputs, outputs, CPU, etc.).

2.5.2.3.3 Unwanted Operations

Redundancy (to cater for secondary equipment failures that result in an unwanted operation) is required for
known problems which cause an unacceptable loss of security. An example is a double busbar configuration
with a switched CT busbar protection scheme. There must be a means to prevent tripping of the protection
scheme for failure of the auxiliary contacts associated with the busbar selection disconnector. This may take
the form of CT supervision or a redundant ‘two out of two’ protection scheme.

2.5.3 Availability of Protection Systems

It is acceptable to keep a circuit operational with a main or backup protection scheme out of service for up
to 48 hours ' without modifying the remaining protection systems. This is acceptable because of the low
probability of a second contingency during this 48 hour window.

A fault is not considered a contingency.

A second contingency is considered credible when the 48 hours has expired and the failed element has not
been reinstated.

There are three scenarios to consider. These scenarios have different probabilities of occurrence. The
scenarios, in order of decreasing probability, are outlined in Table 2.2:

11 Technical Rules, section 2.9.3
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2 Protection Philosophy and Performance Criteria

Table 2.2 — Second contingency scenarios

Second Contingency

Scenario First Contingency

(after 48 hours)
1 CB Fail protection Circuit breaker fails Primary equipment fault
2 Main protection scheme 1 failure Main protection scheme 2 failure Primary equipment fault
3 Backup protection scheme 1 failure |Backup protection scheme 2 failure |Small zone fault

Scenario 3 is considered highly improbable but the consequences are extreme, especially for the 330 kV
system.

The consequence for all scenarios is that the fault has to be cleared by remote backup protection systems.
This remote clearance will be slow or, in rare circumstances, the fault may not be detected.

System management is responsible for deciding what action to take when a protection scheme is out of
service for longer than 48 hours. Protection & Automation are responsible for:

1) Providing the probability and consequences of an extended outage.

2) Provide information on temporary actions that may be taken to cater for the second contingency to
help system management reach a decision.

3) Develop a contingency plan when requested.

2.5.4 Maximum Total Fault Clearance Time

The Technical Rules define the maximum total fault clearance times that must be met for zero impedance
faults on the South West Interconnected System (SWIS) 2. Fast protection operating times minimise danger,
system instability and primary equipment damage. The fastest possible total fault clearance time which
provides discrimination when required must therefore be set.

The main protection system shall satisfy all of the following conditions:

1) Achieve the relevant total fault clearance time specified by the Technical Rules and summarised in
Section 2.6. Required operating times for the 1st and 2nd protection schemes listed in Section 2.6 may
be interchanged.

2) Achieve critical fault clearance times where specified by the system analysis and solutions section
3) Achieve total fault clearance time to minimise thermal damage to primary equipment

Maximum total fault clearance times are given for main (no CB Fail) conditions and for backup (CB Fail)
conditions. The total fault clearance time isillustrated in Figure 2.1 and Figure 2.2 below. Note that a standard
safety margin of 10 milliseconds is applied.

12 Technical Rules section 2.9.4
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2 Protection Philosophy and Performance Criteria

Figure 2.1 — Maximum total fault clearance time for main (no CB Fail) protection system
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Figure 2.2 — Maximum total fault clearance time for backup (CB Fail) protection system
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2.5.4.1 Determination of Relevant Total Fault Clearance Time

The relevant fault clearance time is determined by:

1) Transmission system. The location and voltage of the CB that isolates the fault determines the fault
clearance time 3.

2) Distribution system. The location and the nominal voltage of the circuit that is faulted determines the
fault clearance time .

2.5.4.2 Low Level Faults

The Technical Rules specify “zero impedance short circuit faults on primary equipment at nominal system
voltage” > when defining operating times. This implies that low level faults do not need to meet any fault
clearance time. Examples are transformer winding faults causing restricted earth fault, buchholz or winding
temperature operation. Even though not required by the Technical Rules fast clearance is critical to
minimising damage to critical infrastructure.

13 Technical Rules clause 2.9.4(b) first sentence
14 Technical Rules, clause 2.9.4(b), second sentence
15 Technical Rules, clause 2.9.4(a)
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2 Protection Philosophy and Performance Criteria

2.5.4.3 Small Zone faults

CTs are only located on one side of a circuit breaker because of cost. This results in a blind-spot between the
circuit breaker and the CT commonly called a ‘small zone fault’. Faults supplied from a remote source will not
be cleared by the local main protection system. Small zone faults shall be cleared by either local or remote
backup protection systems.

Small zone faults shall be cleared as though it were a fault involving a circuit breaker failure . This is
considered acceptable because:

1) The physical extent of the small zone is limited.

2) Multi-phase faults (which could potentially result in system instability with the clearance times indicated)
in a small zone are comparatively rare.

3) The cost of providing CTs on both sides of a circuit breaker is prohibitive.

Duplicate (backup) protection for small zone faults is required to cater for the situation where there is a small
zone fault with CB Fail relay failure — this is reflected in the Technical Rules clause 2.9.2(a)(2).

A fault clearance time for a small zone fault coupled with a circuit breaker failure is not defined *’. The only
requirement is that this fault must be cleared by a protection system.

2.5.4.4 Backup Scheme Requirements for 66 kV Lines Greater than 40 km

The backup requirements for 66 kV lines greater than 40 km are not defined 8. The CB Fail times outlined in
Technical Rules Table 2.11 apply in this instance.

2.5.4.5 Existing versus New Equipment

Many existing protection systems do not meet the technical criteria outlined in the Technical Rules. The
Technical Rules deem that all equipment installed prior to 1 July 2007 comply with the Technical Rules *°.

The Technical Rules indicate that different fault clearance times are applicable, depending on whether the
installed equipment is “Existing” or “New” 2°. Existing equipment installed prior to 1 July 2007 is not required
to meet the maximum total fault clearance times.

When replacing a component of the protection system the piece of replacement equipment must comply
with the Technical Rules requirements for a complete asset replacement. An example is replacing a 132 kV
CB operating in 80 ms with a 132 kV circuit breaker operating in 60 ms. Other equipment that existed at the
Technical Rules commencement date does not have to meet this requirement 2%,

Itis unreasonable to upgrade an existing circuit to meet “Existing” times if only changing a component of the
protection system (e.g. circuit breaker). To do so could be prohibitively expensive (e.g. adding a
communications link between sites). An exception to this is replacement of line overcurrent protection with
time stepped distance protection. This can be done at minimal incremental cost.

16 Technical Rules, clause 2.9.4(d)

17 Technical Rules, clause 2.9.4(e)

18 Technical Rules, clause 2.9.4(d)(3)

19 Technical Rules, clause 1.9.4(a)

20 Technical Rules, Section 2.9.4, Table 11 and Table 12
21 Technical Rules, clause 1.9.4(b)
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2 Protection Philosophy and Performance Criteria

If an existing protection system’s total fault clearance time endangers the system or poses credible risks to
the system (i.e. instability) then there is justification for upgrading the entire protection system. This decision
is made by the asset manager.

The replacement of a piece of primary equipment which can impact fault levels must meet the fault clearance
times specified for “New” Equipment. Examples are transformers or transmission lines.

2.5.4.6 Total Fault Clearance Time Requests

Stakeholders often ask the protection and automation section to provide total fault clearance times for
protection systems on the SWIS. Typical uses for this information include earth potential rise calculations for
earth grid designs, and system stability studies.

The objectives of performing these calculations are:

1) To provide clearance times that reflect both the current state and eventual future state of the network.

2) To ensure that all relevant clearance time requirements are considered, including Technical Rules times,
and critical fault clearance times.

2.5.4.6.1 Recording of Critical Fault Clearance Times

A prerequisite for ensuring that the protection system meets critical fault clearance time requirements, is
that an accurate, complete, and up-to-date database of said critical fault clearance times (CFCTs) must be
maintained.

The TFCT spreadsheet will be used to record critical fault clearance time information for this purpose. This
information is to be requested from GT. The process for requesting and recording CFCTs is documented
within the TFCT spreadsheet.

2.5.4.6.2 Calculation of Actual TFCTs for the Transmission System
The process for calculating these times for the transmission system is as indicated below:

1) Calculate actual fault clearance times for Protection 1 and Protection 2 at each end of the line
(including both remote end close and open).

a) When requested, also calculate the actual fault clearance times for the HV bus zones and / or TX HV
bushings.

b) NOTE: Calculation of actual times should use stated component times and avoid rounding, unless
stated component times are considered unrealistic and cannot be verified (e.g. CB breaking time is
<30ms for 132kV).

2) Record the calculated actual times in the TFCT spreadsheet.
2.5.4.6.3 Calculation of Recommended Total Fault Clearance Times for the Transmission System

The total fault clearance time values provided to stakeholders will be a recommended time calculated
based on a combination of:

1) Calculated actual total fault clearance times
2) Technical rules mandated total fault clearance times
3) Critical fault clearance time requirements

The process for calculating these recommended times is largely automated within the TFCT spreadsheet.
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2 Protection Philosophy and Performance Criteria

The formulae for calculating recommended times is outlined in the table below.

Table 2.3 — Process for Calculating Recommended TFCTs

Conditions ‘ Recommended TFCT

Critical FCT < Tech Rules TFCT Recommended TFCT = Actual TFCT
AND (Important: GT must be notified if
Actual TFCT > Critical FCT Actual TFCT > Critical FCT)

Critical FCT < Tech Rules TFCT
AND Recommended TFCT = Critical FCT

Actual TFCT < Critical FCT

Critical FCT > Tech Rules TFCT Recommended TFCT = Actual TFCT
AND (Important: GT must be notified if
Actual TFCT > Tech Rules TFCT Actual TFCT > Critical FCT)

Critical FCT > Tech Rules TFCT
AND Recommended TFCT = Tech Rules TFCT

Actual TFCT < Tech Rules TFCT

Referring to the table above, the Technical Rules TFCT values shall be calculated as per the table below.
This calculation is also automated within the TFCT spreadsheet.

Table 2.4 — Process for Calculating Technical Rules TFCTs

Scheme Type Technical Rules TFCT

Unit Scheme Local TFCT = Table 2.10 / New Equipment / Local End

e.g. digital diff, pilot Remote TFCT = Table 2.10 / New Equipment / Local End

Non-Unit Scheme Local TFCT = Table 2.10 / New Equipment / Local End

e.g .interlocked distance Remote TFCT = Table 2.10 / New Equipment / Remote End

Note that both P1 and P2 will be compared with Technical Rules Table 2.10. This is in line with current
practice, as we design new installations where both P1 and P2 should meet Table 2.10. Current practice for
brownfields design should also result in both P1 and P2 moving towards meeting Technical Rules Table

2.10.

Please provide only recommended total fault clearance times to all stakeholders.
2.5.4.6.4 Calculation of Recommended TFCTs for the Distribution System

The process for providing these times for the distribution system is as indicated below:

1) Determine worst case earth fault setting that achieves a total fault clearance time of 1.16 sec for a
feeder earth fault located at the substation under maximum system conditions. This normally involves
calculating the time multiplier setting (TMS) for a pickup of 60 A.

2) Using existing settings, calculate the total fault clearance time for a feeder earth fault at the substation
under maximum system conditions.
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3) If the time calculated in (2) is greater than or equal to 1.16 seconds, use existing settings to calculate
the total fault clearance time for a feeder earth fault at the location requested under maximum system
conditions.

4) If time calculated in (2) is less than 1.16 seconds, use the worst case TMS determined in (1) and a 60 A
pickup to calculate total fault clearance time at location requested for 50% of earth fault level under
minimum system conditions

5) Use existing settings to calculate the total fault clearance time for a feeder earth fault at the location
requested at 50% of the earth fault level under minimum system conditions.

6) Compare the time calculated in (5) with the time calculated in (4) and provide the greater of the two
times.

7) Earth fault levels may be significant for solidly earthed transformers. Calculate the total fault clearance
time by O/C protection that meets the I°t time (applying A/R as appropriate to site) at max fault level.
Provide this time if it is greater than actual time and less than the earth fault protection relay clearance
time.

2.5.4.7 Non-Compliance

The maximum total fault clearance times specified by the Technical Rules must be met for all system
conditions stronger than or equal to minimum system conditions. There are conditions where an
application to derogate from the Technical Rules maximum total fault clearance time requirements may be
reasonable. An example is a weak in-feed condition. In these cases the application for derogation would be
supported by Western Power under the following conditions:

1) There is no threat to power system stability

2) There is no reduction in the power transfer limits
3) Thereis no possible plant damage (e.g. thermal)
4) There is no threat to the safety of public and staff

All estimates provided by Protection & Automation will provide a fully compliant Technical Rules solution.
The Protection & Automation estimator will inform the estimating manager if estimator deems that a
Technical Rules derogation could result in a significant cost saving. The estimating manager will inform the
project sponsor who is then responsible for applying for the derogation.

2.5.5 Critical Fault Clearance Times

The critical fault clearance time (CFCT) is the slowest fault clearance time which permits the network to
remain stable.

If a CFCT is present on a circuit both schemes of the protection system must operate within the nominated
CFCT . This requirement includes both the transmission and distribution systems. System stability relates to
both rotor angle stability and voltage stability.

22 Technical Rules section 2.9.5
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2.5.5.1 Rotor Angle Stability

Under normal conditions generators operating with different outputs are kept synchronised by the common
voltage between them (Figure 2.3).

A 3 phase fault will:
1) Short out load preventing power transfer
2) Remove the common voltage keeping the generators synchronised.

With the load and synchronising voltage removed the generators will accelerate according to their individual
inertias and governor characteristics (Figure 2.4). The angle between the generator rotors will vary according
to the generator’s acceleration.

The individual generator speeds increase at different rates causing the rotor angles to diverge. The angles
will continue to diverge after the fault is cleared as the generators will be running above 50 Hz and will take
some time to slow down. After the difference in rotor angles reaches a critical angle, normally considered to
be 1809, pole slip is considered to have occurred. If the fault is cleared before the critical angle is exceeded,
the generators will return to synchronism (Figure 2.5). If the fault is not cleared before the critical angle is
exceeded, the system will become unstable (Figure 2.6). The fault clearance time required to prevent the
critical angle being exceeded is the critical fault clearance time.

Figure 2.3 — Pre fault generation
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Figure 2.4 — Post fault generation immediately after fault inception
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Figure 2.5 — Post fault generation if fault cleared within CFCT
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Figure 2.6 — Post fault generation if fault not cleared within CFCT
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2.5.5.2 Voltage Stability

The voltage stability that is of main concern relates to the performance of induction motors on the network.
During normal system conditions the reactive requirements of induction motors are supplied by static
capacitor banks. A three phase fault depresses the voltage on the network and results in induction motors
slowing down. When the fault is cleared the induction motors try to accelerate to their normal speed. During
the acceleration the induction motors draw significantly more vars than during normal running. It is similar
to the vars drawn during direct on line starting. The increase in the vars drawn by the motors reduces the
voltage. The reduction in the voltage also reduces the amount of vars produced by capacitor banks. This can
lead to a voltage collapse where the voltage does not recover to the normal operating range. Clearing the
fault faster reduces the speed reduction of induction motors which in turn reduces the var requirement on
acceleration.

2.5.6 Protection Sensitivity

All primary faults must be detected by a main and backup protection schemes under both normal and
minimum system conditions.

Under abnormal equipment conditions involving 2 primary plant outages, all primary faults must be
detected by one protection scheme and cleared by one protection system. Backup protection systems are
acceptable.

Specific emergency conditions as defined by the transmission system planning section shall also be catered
for. Protection operation under arbitrary emergency conditions is not guaranteed.

2.5.6.1 Sensitivity Assessment
Sensitivity assessment is based on:
1) The type of fault.

2) The worst case fault level in the protected zone. This is usually at the extreme of the protected zone.
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3) Minimum system or abnormal equipment conditions. Minimum system conditions defines what
protection systems are required, how they are implemented and how fast they must operate.

2.5.6.1.1 Minimum System Conditions

Minimum system conditions are the worst case and are used to determine the total fault clearance time of a
protection scheme. Total fault clearance times must be met by all protection schemes for minimum system
fault levels 2%. To determine the appropriate minimum fault level, the following conditions must be applied *:

1) The least number of generating units normally connected at times of minimum generation are so
connected; and

2) There is one primary equipment outage.

Most relay operation times are quoted at a minimum of twice the pickup. A factor of 50% must therefore be
applied. Refer to Section 16 — Protection Sensitivity for more information.

2.5.6.1.2 Abnormal Equipment Conditions

All primary faults must be detected by a protection scheme somewhere in the system under abnormal
equipment conditions. Remote backup protection may be used in situations involving two primary
equipment outages .

The Technical Rules do not require both a main and backup protection to operate so it is implied the circuit
breaker failure does not have to be catered for.

2.5.6.1.2.1 Involving Two Primary Plant Outages
Requirements for discrimination, sensitivity and fault clearance time are not defined in the Technical Rules 2°.

Abnormal equipment conditions involving two primary plant outages define how sensitive one of the main
protection schemes should be.

The following characterise an abnormal equipment condition with two primary plant outages:
1) Remote backup may be used. Remote schemes that can be used are:
a) Remote IDMT earth fault protection relays which are effective for earth faults only
b) Remote zone 4 reaches
2) Discrimination is not required
3) Fault clearance times are not specified under these conditions

At least one main protection scheme must be designed and set to ensure all faults are detected under this
condition.

23 Technical Rules, section 2.9.6 (b)

24 Technical Rules, Attachment 1 — Glossary, definition of minimum system condition
25 Technical Rules section 2.9.6(c)

26 Technical Rules section 2.9.6(c)
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2.5.6.1.2.2 Not Involving Two Primary Plant Outages

Requirements for discrimination, sensitivity and fault clearance time are not defined in the Technical Rules.
Abnormal conditions not involving two primary plant outages defines how sensitive both protection
systems must be.

Abnormal equipment conditions not involving two primary plant outages define how sensitive both main
protection schemes should be.

The Technical Rules do not define fault clearance times or discrimination requirements for abnormal
equipment conditions not involving two primary equipment outages. And example of this condition includes:

1) Minimum system conditions

2) Plus one worst case generating unit outage
3) Plus one primary equipment outage

4) Plus one secondary equipment outage

It is reasonable that both main protection schemes should be able to operate and discriminate for faults in
their intended operating zone under this condition. It is also considered reasonable that these protection
systems are not required to meet specified total fault clearance times.
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2.6 Appendix A — Maximum Total Fault Clearance Times %’

Total fault clearance times are specified at the voltage level of the circuit breaker clearing the fault, not the
voltage level of the fault location.

The clearance type (local or remote) depends on the fault location in relation to the circuit breaker clearing
the fault.

Times shown are from Table 2.11 and 2.12 of the Technical Rules and reflect minimum requirements. Site
specific requirements may require faster times.

2.6.1 Existing Equipment

Voltage Line Protection Clearance Type Main Protection Backup Protection
Length Scheme System (msec) System (msec)
No CB Fail CB Fail
> 220 kV All Protection1 |Local 120 370
Remote 180 420
Protection2 | Local 120 370
Remote 180 420
132 kv <40km |Protection1 |Local 150 400
Remote 200 450
Protection2 | Local 150 400
Remote 400 400
>40km |Protection1 |Local 150 400
Remote 400 650
Protection2 | Local 150 400
Remote 400 650
66 kV <40km |Protection1 |Local 150 400
Remote 200 450
Protection2 | Local 1000 400
Remote Not Defined 400
>40km |Protection1 |Local 150 400
Remote 400 650
Protection2 | Local 1000 Not Defined
Remote Not Defined Not Defined
<33 kV N/A Protection1 | Local 1160 1500

27 Technical Rules section 2.9.4
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2 Protection Philosophy and Performance Criteria

2.6.2 New Equipment
Voltage Line Protection Clearance Type  Main Protection Backup Protection
Length Scheme System (msec) System (msec)
No CB Fail CB Fail
> 220 kV All Protection1 |Local 100 270
Remote 140 315
Protection2 | Local 100 270
Remote 140 315
132 kv <40km |Protection1 |Local 115 310
Remote 160 355
Protection2 | Local 115 310
Remote 400 400
>40km |Protection1 |Local 115 310
Remote 400 565
Protection2 | Local 115 310
Remote 400 565
66 kV <40km |Protection1 |Local 115 310
Remote 160 355
Protection2 | Local 115 310
Remote 400 400
>40km |Protection1 |Local 115 310
Remote 400 565
Protection2 | Local 115 310
Remote 400 565
<33 kV N/A Protection1 | Local 1160 1500

The Technical Rules do not specifically state that the backup times from Table 2.11 are acceptable for 66 kV
lines longer than 40 km. Because these times are acceptable for 132 kV, it is implied that they are
acceptable for 66 kV as well.
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2 Protection Philosophy and Performance Criteria

2.7 Appendix B — Summary of Technical Rules Requirements for Discrimination, Sensitivity and
Maximum Total Fault Clearance Times

System Conditions Discrimination Sensitivity Clearance Times
Description | Total Plant Outages Minimum FL Maximum FL Minimum FL

Maximum None Met by P1 & P2 Met by P1 & P2 Met by P1 & P2 Met by P1 & P2
system

Minimum Minimum generation Met by P1 & P2 Met by P1 & P2 Met by P1 & P2 Met by P1 & P2
System 28 and

1 primary equipment outage

Abnormal Minimum generation Met by P1 & P2 Met by P1 & P2 Met by P1 & P2 Not defined
System (a) 2° | and

1 worst case generating unit outage
and

1 primary equipment outage and

1 secondary equipment outage

Abnormal Minimum generation Not Required Not Required Met by a protection scheme Not defined
(main is desirable, but backup

System (b) 3° | and
is acceptable)

1 worst case generating unit outage
and

2 primary equipment outages

Emergency Not Defined but worse than any above | Not Required Not Required May be met by an adjacent Not defined
protection scheme

Each system in column 1 is modelled in PSSE or Power Factory by removing the items shown in column 2.
PSSE or Power Factory is used to determine the maximum or minimum fault levels corresponding to the
outages specified in column 2.

2.7.1 Minimum Fault Levels
Checking sensitivity of the protection system under normal conditions involves:

1) Use the PSSE or Power Factory minimum generation case. The PSSE minimum generation case already
contains generator and circuit outages typical of the present day minimum generation pattern.

2) Remove the circuit with the largest fault contribution

2.7.2 Maximum Fault Levels

Maximum fault levels can increase due to additional generation being added to the system. The protection
performance must be examined in the following order of preference:

1) Aninfinite bus allows for future generation and is therefore preferred.

28 Minimum system conditions defines what protection systems are required, how they are implemented and how fast they must operate

29 Requirements for discrimination, sensitivity and fault clearance time are not defined in the Technical Rules. Used for system backup protection.
This defines how sensitive both protection systems must be

30 Requirements for discrimination, sensitivity and fault clearance time are not defined in the Technical Rules. Used for system backup protection.
This defines how sensitive at least 1 protection system must be
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2 Protection Philosophy and Performance Criteria

2) If acceptable protection performance cannot be achieved with preference 1 then switchgear fault
rating is used

3) If acceptable protection performance cannot be achieved with preferences 1 & 2, the maximum
present day fault levels plus a margin is used. When this preference is used, limitations must be
documented.
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3 Transmission Line and Cable Protection

3 Transmission Line and Cable Protection

3.1 Introduction
The purposes of this section are to:
1) Define at a high level the high level functional requirements for transmission line and cable protection

2) Capture information which explains the reasoning behind the transmission line and cable protection
design and settings

3.2 Scope

This section applies to line and cable circuits within the Western Power transmission system. Distribution
overhead line and underground cable protection are not covered in this section.

3.3 Functional Requirements
The functional requirements for the transmission line protection systems are:

1) Detect and clear faults in the transmission line operating zone. Refer to Section 3.7 — Appendix C —
Transmission Line and Cable Operating Zones.

2) Detect and clear faults within times specified by the Technical Rules.
3) Coordinate with upstream and downstream protection systems.
4) Provide system backup protection

5) Clear faults within the thermal limits of associated primary equipment, including the power
transformer.

6) Itis nota purpose of the transmission line protection systems to provide overload, over voltage or
under voltage protection for circuit breakers, transformers or conductors.

3.4 Transmission Line and Cable Protection

3.4.1 Introduction

The main purpose of the transmission line protection system is to minimise danger to the staff and public
and minimise loss of supply by clearing faults on the transmission line. Other purposes include control and
monitoring to facilitate operation of the transmission line, transmit signals between sites and to minimise
damage to primary equipment.

The transmission line protection system must take into account the following system considerations:
1) Linelength

2) Line conductor used

3) Line arrangement, such as teed line or transformer feeder

4) Equipment connected to the line, such as shunt reactors or series capacitors

5) Maximum and minimum fault currents
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3 Transmission Line and Cable Protection

6) Line load and charging currents
7) Relative importance of the protected line
8) System performance demands such as stability, power swings, and critical fault clearance times.

9) Availability of communications bearers and signalling channels

3.4.1.1 Differential Protection

The detection of faults by detecting differential currents is widely used for protection of many types of
primary equipment including transmission lines. Differential protection is based on the principle that the
current entering a non-faulted object equals the current leaving the object.

Current transformers (CT) are located at each end of the transmission line. The current transformers define
the operating zone. A fault within the operating zone will make the current entering the operating zone
higher than the current leaving. The difference in currents is called the differential current. Protection relays
detect the differential current and issue trip commands to both ends of the line.

A transmission line protection operation will result in the tripping of a single circuit which should not result
in loss of load under normal conditions. For this reason priority is given to the sensitivity of the scheme. In
general, the minimum possible relay setting, which still provides adequate margin for charging current and
load, is chosen to provide this sensitivity.

3.4.1.1.1 Digital Differential Protection

The protection relays at each end of the line measures and samples the secondary current waveform. This
information is digitally transmitted to the relay at the other end via a communications channel. The
protection relays at each end then calculate if the proportion of differential current to restraint current is
within an operating characteristic. If so, the relay issues a trip command.

3.4.1.1.1.1 Stub Protection

Bus stubs are found in multi circuit breaker configurations such as 1.5 circuit breaker, double bus and mesh
terminal stations. A stub is formed when:

1) Aline disconnector is opened to isolate a line and
2) The circuit breakers are closed to maintain bus continuity

Stub protection uses the line disconnector status to disable inter-tripping and transfer of current
measurement information from the local relay to the remote relay. Under these conditions instantaneous
overcurrent usually provides stub protection. This allows the line to remain energised from the remote end
for a fault on the stub.

When stub protection is not enabled the differential line protection trips at both ends for a fault on the stub.

Western Power considers that the disadvantages of enabling stub protection outweigh the minor operational
advantages. Western Power, therefore, does not implement stub protection in differential protection
schemes. Refer to section 3.8.3.

3.4.1.1.2 Pilot Protection

Three phase line currents at each end are converted into a low level, single phase quantity by a summation
transformer. These low level signals are fed into the pilot wire and compared at each end.
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3 Transmission Line and Cable Protection

The pilot protection relays typically have an insulation rating of 5 kV. Isolation transformers are rated for 15
kV and allow the pilot wires to be strung below the 22 kV (12.7 kV L-E) or less distribution feeders. If a feeder
conductor falls on a pilot wire the isolation transformers prevent the distribution voltage being transferred
to the protection panel.

A pilot cable route between two substations is not always direct and may go between intermediate
substations. Isolation transformers are used at the intermediate substations to prevent large voltages
entering the intermediate substation through the pilot cable. When used at intermediate substations these
isolation transformers are called sectionalizing isolating transformers.

3.4.1.1.2.1 Circulating Current

For through faults, secondary currents circulating between the CTs at the line ends flow through the restraint
element of the pilot relays. The operate elements are not energised. For in-zone faults, differential current
flows through the operate elements of the pilot relays.

An open circuit pilot cable will result in current flowing through the operate elements of the pilot relays
causing both ends to trip.

The scheme will remain stable for a short circuit in the pilot cable.

Figure 3.1 — Circulating current pilot scheme
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3.4.1.1.2.2 Opposed Voltages

For through faults, secondary voltages from each of the two line ends are equal and opposite. When put
across a relay operate element, no current flows and the scheme is stable. For in-zone faults, the voltages
are unequal which causes differential current to flow through the operate elements of the pilot relays.

A short circuit in the pilot cable will result in a voltage across the operate elements in the pilot relays causing
both ends to trip. Short circuiting the pilot scheme at one end of the line can be used to send an inter-trip to
the other end.

The scheme will remain stable for an open circuit in the pilot cable.
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3 Transmission Line and Cable Protection

Figure 3.2 — Opposed voltage pilot scheme
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3.4.1.2 Distance Protection

The detection of faults using the principle of fault impedance is commonly called distance protection. At the
time of a fault, the voltage and current measurements allow the protection relay to calculate the impedance
to the fault. By comparing this value to the known line impedance, the protection relay determines if the
fault is on the line. When the protection relay determines that the fault impedance is less than the line
impedance, it issues a trip command.

3.4.1.2.1 Time Stepped Distance Protection

Afaultatthe local end of a line may appear to be at the remote end of another line due to primary equipment,
calculation or relay inaccuracies.

1) To cater for these errors and increase system reliability a time stepped Trip instantly for faults which
are definitely on the line. This operating zone is referred to zone 1. The zone 1 reach generally extends
to 80% of the protected line impedance

2) Trip after a delay for faults beyond the zone 1 reach. This operating zone is referred to as zone 2 and
allows adjacent line protection systems to operate first.

Time stepped distance protection schemes are not required to interface with the protection schemes at the
other end of the line circuit. They therefore do not require communications and are considered non-unit
protection schemes.

3.4.1.2.2 |Interlocked Distance Schemes
Use of signalling channels between distance relays improves operating time, sensitivity and reliability.
Interlocked distance schemes are used to:

1) Quickly clear faults on transmission lines. To meet critical fault clearance times distance protection is
interlocked on main protection schemes for voltages of 220 kV and above.

2) Improve sensitivity. On short lines, time stepped distance protection may not provide adequate fault
sensitivity.

Section 3.8.2 summarises advantages and disadvantages of the permissive and block signalling protection
schemes.
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3 Transmission Line and Cable Protection

3.4.1.2.2.1 Direct Inter-tripping

When a local relay detects a fault in zone 1, it trips and also sends an inter-trip to the remote end. A
disadvantage of direct inter-tripping is that it relies heavily on the communications for security.

Because the signal is not conditioned at the receiving end, the receiving end will trip if the communications
system sends an incorrect signal.

If a line is open at one end and a fault occurs at the open end, the fault will be cleared in the non-unit time
(zone 2).

For these reasons, direct inter-tripping shall not be used for new protection schemes.
3.4.1.2.2.2 Permissive Signalling

Permissive signalling involves sending and receipt of a permissive signal that enables tripping. The permissive
signal is conditioned by an over reaching element at the receiving end. If a relay’s over reaching element is
picked up and it receives a permissive signal, the relay will issue a trip.

There are two types of permissive signalling:

1) Permissive over reach (POR). A local over reaching element (zone 2) is used to send the permissive
signal to the remote end.

2) Permissive under reach (PUR). A local under reaching element (zone 1) is used to send the permissive
signal to the remote end.

3.4.1.2.2.3 Block Signalling

Block signalling involves sending and receiving a block signal that prevents tripping. If a Zone 3 reverse
direction element picks up, a block signal is sent to the remote end. If an over or under reaching element
picks up, the block signal is not sent to the remote end. The block signal is conditioned by an over reaching
element at the receiving end. If the remote end over reaching element is picked up and the block signal is
not present after a defined time delay, the relay will issue a trip.

There are two types of block signalling:

1) Block over reach (BOR). A local over reaching element (zone 2) is used to prevent the block signal from
being sent to the remote end.

2) Block under reach (BUR). A local under reaching element (zone 1) is used to prevent the block signal
from being sent to the remote end.

3.4.1.2.2.4 Unblocking
Unblocking is preferred when power line carrier (PLC) communications is used.

Unblocking schemes are similar in principle to permissive over-reach schemes. The local unblocking relay
receives a continuous blocking signal from the remote end. When remote over-reaching distance elements
operate, the frequency of the signal is converted to an unblocking, or trip, signal.

Unblocking schemes are more reliable than POR schemes. Loss of both the block and unblock signal from the
remote end is detected by the local unblock relay. Loss of these signals allows local tripping for a period
typically 100 to 150 milliseconds if a local distance element picks up. After this period, an unblock signal is
again required for tripping.
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3 Transmission Line and Cable Protection

Unblocking schemes are more secure than blocking schemes because tripping for an external fault is only
possible during the 100 to 150 millisecond signal failure interval.

3.4.2 Design Requirements

Standard functions are provided on all transmission line circuits to assist with standardisation of protection
design and setting files. Site specific functions are provided at the discretion of the protection design
engineer.

Section 3.5 outlines the design requirements for standard functions and site specific functions.

3.4.2.1 Main Protection System

The operating zone of the main protection system is defined by the current transformers at each end of the
transmission line. Each main protection scheme must be able to protect the line with the other main
protection scheme out of service.

At voltages of 220 kV and above, both main protections schemes must be differential or interlocked distance
schemes to meet required total fault clearance time. Below 220 kV, both main protection schemes may be
required to be differential or interlocked distance schemes to achieve critical fault clearance times or ensure
discrimination.

3.4.2.1.1 Main Protection System Components
When cutting into an existing line protection system, the new protection system must:

1) Be selected to minimise the change to existing hardware and protection schemes at the remote ends,
and

2) Meet the Technical Rules requirements

As the availability of digital communications is increasing it is becoming less costly to upgrade protection
schemes from analogue to digital. This allows faster clearance times.
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3 Transmission Line and Cable Protection

3.4.2.1.2 Main Protection System Selection
The selection of the protection system depends on:
1) Fault clearance time requirements

2) Line configuration (i.e. two or three ended)

3) Auto reclose requirements

4) Weak infeed

5) Communications availability

Section 3.9 summarises the main protection system selection criteria.

3.4.2.2 Point on Wave Switching

Lines connected to the transmission system can have an excessive voltage step when switched. A large
voltage step results in excessive circuit breaker contact wear. Point on wave switching of independent circuit
breaker poles reduces this voltage step. The requirement for point on wave switching is determined by
system analysis and solutions and the transmission plant sections.

3.4.2.3 Duplicated Protection

To help maintain consistency throughout the system, main protection system 1 has been chosen for the unit
protection. This should be adhered to except when matching existing installations. The relays should be the
same or as similar as possible when matching existing installations.

Interlocked distance is acceptable for both main protection schemes when critical fault clearance times
(CFCT) require high speed clearance of faults. Both protections schemes must meet the CFCT requirement if
the CFCT requirement is less than the Technical Rules total fault clearance time requirement.

Directional earth fault protection will be used on all lines, preferably as part of main protection system 2.
Directional earth fault protection detects high resistance earth faults. It also provides system back up
protection.

3.4.2.4 Current Differential

Current differential protection must include supervision facilities to alarm and block tripping for loss of
communications. Supervision reduces the security risk to the major transmission system for a failed
communications bearer.

3.4.2.5 Pilot Protection

Circulating current or opposed voltage pilot schemes shall not be used for new circuits. Circulating current
protection over metallic pilots must utilise pilot supervision that both alarms and blocks tripping on detecting
cable damage. The method used to block tripping must not reduce sensitivity in normal operation.
Supervision reduces the security risk to the major transmission system for a damaged pilot cable.

3.4.2.6 Distance Protection
Distance protection shall be used with all main protection schemes as either:

1) A main protection scheme
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2) A backup protection scheme
3) A system backup protection scheme

Voltage supervision must be used in conjunction with all distance relays. The voltage transformer must be
connected to the line it is protecting.

3.4.2.6.1 Split Phase Construction

The distance relay must be able to detect all faults on a line (including in-feed from the local end). Split phase
construction of transmission lines often requires straps to be bonded across the split phases. This is to allow
the zone 2 reach of the protection relays to detect faults should a conductor break and fall to the ground.
Figure 3.3 below demonstrates that without bonding straps, distance relay B must be able to detect faults at
up to twice the line length. This may exceed the maximum upper limit of the zone 2 reach. Figure 3.4 below
demonstrates that bonding straps shorten the required relay B zone 2 reach.

The protection design engineer is responsible for determining the number and location of the bonding straps.

Figure 3.3 — Split phase construction with no bonding straps

Distance Distance
Relay A Relay B

Single phase — earth
fault

Figure 3.4 — Split phase construction with bonding straps
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3.4.2.6.2 Mutual Coupling

A mutual impedance exists between two line which are run in close proximity (e.g. on the same tower). This
mutual impedance may allow current flowing in one circuit to induce a proportional voltage in the other
circuit.

Due to symmetry, mutual coupling for faults clear of earth (i.e. positive and negative sequence currents only)
has an affect of less than 5% and can therefore be neglected.
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3 Transmission Line and Cable Protection

Zero sequence currents in a non-faulted line can induce a significant zero sequence voltage in the faulted
line. This causes the impedance measured in the distance relay for earth faults to be incorrect. The apparent
impedance can be less than or greater than the expected impedance, depending on the direction of the zero
sequence currents in the two lines.

1) When the currents in the two parallel lines flow in opposite direction the measured voltage (and thus
the apparent impedance) decreases. The relay therefore over-reaches.

An earth fault beyond the desired zone 1 reach will cause the zone 1 element to assert and over-reach.
Modern relays have a K0 setting to compensate for the mutual coupling. KO is used to adjust the
apparent impedance detected by the relay to be equal to the zone 1 reach.

2) When the currents in the two lines flow in the same direction the measured voltage and thus the
apparent impedance increases. The relay therefore under-reaches.

An earth fault at the remote end of the end of the line will cause the zone 2 element to under-reach.
Modern relays have a KO, setting to compensate for the mutual coupling. KO, is used to adjust the
apparent impedance detected by the relay to be equal to the zone 2 reach.

3.4.2.6.3 In-feed
Multiple in-feeds into a fault increase the apparent impedance detected by the relay 3.

If a distance reach is being used for remote backup, the apparent impedance must be calculated using the
maximum in-feed possible. The minimum in-feed must also be used to calculate the apparent impedance to
ensure discrimination.

The 20% margin in the minimum zone 2 setting allows for no in-feed to ensure discrimination.
3.4.2.6.4 Long Line Followed by a Short Line

A long line followed by a short line can result in loss of discrimination with time stepped distance schemes.
If Zshort line < 0.625 Ziong line it is NOt possible to satisfy the upper and lower limit requirements of zone 2 2. Not
meeting this requirement results in the zone 2 timers of the long and short lines racing. If the long line zone
2 times out first, discrimination is lost.

Installing high speed protection on the short line will result in the short line zone 1 clearing a fault on the
short line before the zone 2 time delay. Duplicated digital differential or interlocked protection schemes are
therefore required on the short line.

3.4.2.6.5 Operating Characteristics

The following issues determine the type of operating characteristic to use:
1) Matching existing relays at remote ends

2) Load encroachment

3) Length of line to be protected

4) Required operating times

33 Distance Relays Applications and Operating Principles, page 40.
33 Distance Relays Applications and Operating Principles, page 40.
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3.4.2.6.5.1 Mho Characteristic

When quadrilateral characteristics were introduced with electromechanical relays they were considered
unstable. Mho characteristics have therefore historically been used for zone 1.

Zone 4 is usually configured as a Mho characteristic.

The maximum resistive reach of a mho characteristic is given by:

ZoneReach

ZonepaximumResistiveReach = T X (1 + COSG)

‘where 0 is the line angle

With a quadrilateral characteristic the R/X ratio is limited to 2/1. This is so the resistive reach of the equivalent
Mho circle is not over reached.

3.4.2.6.5.2 Quadrilaterals

With the introduction of numerical relays quadrilateral characteristics have been considered stable.
Quadrilateral characteristics are used for the zone 1 and 2 reaches. They are also sometimes used for the
zone 3 reverse reach when used for backup or busbar protection. When used in an interlocked scheme where
the remote zone 2 uses a quadrilateral characteristic, the local zone 3 must also use a quadrilateral
characteristic.

With a quadrilateral characteristic the R/X ratio is limited to 2/1. This is so the resistive reach of the equivalent
Mho circle is not over reached.

3.4.2.6.6 Power Swings

During system disturbances the relative rotor angle of machines in the system can move. This is as a result
of some machines accelerating or decelerating depending upon their location relative to the fault. The
impedance locus on a line between two groups of machines will display a characteristic power swing. The
power swing can cause the apparent impedance presented to a distance relay to move from the load area to
the relay operating characteristic. Because power swings move slowly compared to faults, it is possible to
detect them and block the distance protection .

Power swing blocking allows the system time to return to a stable condition should a power swing occur.
Power swing blocking is also known as out of step blocking. The requirement for power swing blocking is
determined by the system analysis and solutions section.

3.4.2.6.7 Time Stepped Distance

Time stepped distance (TSD) protection must be included with current differential protection when possible.
TSD provides system backup protection for primary equipment beyond the operating zone of the differential
protection.

3.4.2.6.8 Interlocked Distance

At voltages less than 220 kV and depending on critical fault clearance times, interlocked distance schemes
may not be required. However, when communications infrastructure exists, interlocked distance is preferred
over time stepped distance.

33 Distance Relays Applications and Operating Principles, page 40.
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3.4.2.7 Communications
3.4.2.7.1 Unit Schemes

Unit protection schemes require end to end communications for their basic operating characteristic. Where
duplicate unit schemes are used they must use separate independent communications bearers.

The types of bearers commonly used are microwave radio, fibre optic cable and metallic pilot cable. Less
common is power line carrier because they require installation of capacitive voltage transformers (CVT) and
wave traps.

Existing analogue communications systems may require upgrading to digital communications systems to
meet total fault clearance time or critical fault clearance time (CFCT) requirements. Digital transmission times
are on the order of 12 milliseconds. Analogue transmission times are on the order of 23 milliseconds.

3.4.3 Main Protection Systems Standard Functions

The following functions are standard for transmission line applications.

3.4.3.1 Differential
The purpose of differential protection is to detect and clear fault conditions resulting in differential currents.
The pickup settings are selected to meet the following requirements:
1) Lower limit:
According to relay manufacturer recommendations.
2) Upper Limit:
Meet Western Power’s sensitivity requirements.

The sensitivity requirement takes precedence if these two requirements conflict.

3.4.3.2 Distance
All maximum zone reaches must be based on the maximum winter rating of the line plus a margin.

Distance protection may be included in the main protection system as system backup (i.e. in addition to the
differential function). In this case discrimination is given a higher priority than sensitivity and total fault
clearance time requirements. Note that the Technical Rules required backup systems must still meet the
Technical Rules requirements for total fault clearance times and Western Power sensitivity requirements.

3.4.3.2.1 Zone 1
3.4.3.2.1.1 General

Zone 1 is fundamental to protecting the line circuit. The purpose of zone 1 is to detect most faults on the
protected line.

Zone 1is set in the forward direction.
Zone 1 is active at all times.
3.4.3.2.1.2 Zone 1 reach

1) Lower limit
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3 Transmission Line and Cable Protection

Even with under-reach the relay must detect faults on at least 50% of the line.
2) Upper limit

For each end, a zone 1 reach will be set which provides as much coverage of the protected line as
possible.

Even with out-feed on teed lines and with worst case relay errors this reach shall not extend beyond
any end of the line.

When mutual coupling is present the KO, factor must prevent zone 1 from over-reaching.
It must not be possible for worst case load to encroach into the operating characteristic
a) Standard Settings

In the absence of mutual coupling the zone 1 reach of a two ended line is determined using the
following method:

i) Numerical relays

Zone 1 reach = 0.85 X Zprotected_line
ii) Electromechanical relays

Zone 1 reach £ 0.85 X Zprotected_line

The plug setting resolution of the electromechanical relays forces the inequality. This inequality
will still result in a reach of at least 80% of the protected line.

3.4.3.2.1.3 Time delay

Zone 1 shall not be intentionally time delayed.

3.4.3.2.2 Zone 2
3.4.3.2.2.1 General

Zone 2 ensures that all faults on the protected line are detected. Zone 2 also provides some remote backup
for faults on adjacent lines, should their circuit breakers fail to operate.

Zone 2 is set in the forward direction.
Zone 2 is active at all times for 2 ended lines.

Zone 2 is only active when the differential protection is out of service on teed lines. Opening one end of a
teed line will remove some in-feed. This may allow zone 2 to overreach adjacent circuits more than has
been allowed for. Loss of discrimination may occur if the differential protection has failed.

3.4.3.2.2.2 Zone 2 Reach

When selecting an appropriate zone 2 reach setting, consideration must be given to the ability of the
protection to operate for high impedance earth faults. Preference is therefore given to the upper limit
setting.

1) Lower limit:

When mutual coupling is present the KO, factor must prevent zone 2 from under-reaching.
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The lower limit of zone 2 is 120% of the protected line
a) Standard Setting

Zone 2 reach = 1.2 X Zprotected Line
Figure 3.5 — Minimum zone 2 reach
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2) Upper limit:

With split phase construction, the zone 2 reach must be able to detect an open circuit to ground fault
on both phase conductors.

It must not be possible for worst case load to encroach into the operating characteristic
a) Standard Settings
i)  Maximum setting

Zone 2 should be set as large as possible to provide as much system backup and resistive reach
for earth faults as possible.

It must not be possible for worst case load to encroach into the operating characteristic

Zone 2 reach = 0.8 X (Zprotected Line + ZON€ 1 reach adjacent tine)
Figure 3.6 — Maximum zone 2 reach

Maximum Zone 1
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Line
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ce Protected Line ce cs Adjacent Line
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Relay
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Zone 2=0.8x [ZProtected Line T (08 X ZAdjacent Line)]

Zone 2 must not detect faults downstream from remote transformers whose windings supply
systems protected by IDMT overcurrent protection schemes. (i.e. the zone 2 may operate
faster than the IDMT overcurrent for an LV fault). The wost case is the lowest impedance
combination of two parallel transformers. Under these conditions the maximum reach is:

Zone 2 reach £0.8 x [ZProtected Line + Z//_Transformers]

where Z;; transformers is the lowest possible parallel combination of transformers at the remote
end that connect to a system protected by IDMT overcurrent relays.
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3 Transmission Line and Cable Protection

Figure 3.7 — Zone 2 setting consideration
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3.4.3.2.2.3 Zone 2 time delay

Zone 2 of the protected line must be delayed long enough to allow the adjacent line protection systems to
clear faults on the adjacent line. The zone 2 delay must take into account the adjacent line’s total fault
clearance time.

When there are less than 2 CB Fail inter-trips between substations, zone 2 is required to ensure clearance of
remote faults within 400 milliseconds.

1) Standard Setting

a) When a Mho zone 2 characteristic is used, a zone 2 time delay of 300 milliseconds is typically used.
This allows the zone 2 of the protected line to discriminate with the zone 1 of the adjacent line.

b) When a quadrilateral zone 2 characteristic is used, a zone 2 delay of 2.5 seconds has been adopted
as a standard. This allows the quadrilateral zone 2 characteristic of the protected line to
discriminate with the earth fault and directional earth fault protection systems on adjacent lines.

3.4.3.2.3 Zone 3
3.4.3.2.3.1 General

Zone 3 can be used to:

1) Detect faults beyond the zone 1 of adjacent lines

2) Provide information for the operating logic of communications aided tripping schemes.
3) Provide system backup protection for faults in the reverse direction

4) Provide a de facto busbar protection. In such cases, the reverse reach is limited and operating times are
faster.

5) Provide reverse protection for switch on to fault (SOTF) protection

6) Used to provide a backup protection scheme in 1.5 circuit breaker terminal stations when there is only
relay providing CB Fail.

Zone 3 is set in the reverse direction.
Zone 3 is active at all time when used for tripping.
— s westernpnwer Uncontrolled document when printed

© Copyright 2024 Western Power
Page 55 of 377



3 Transmission Line and Cable Protection

Zone 3 is configured to exceed the remote Zone 2 characteristic in communications aided schemes.
3.4.3.2.3.2 Zone 3 reach
1) When used for switch on to fault or busbar protection:

Zone 3 reach = detect faults on the busbar only (typically set to 10% of Zone 1)

2) When used for backup protection it must not be possible for worst case load to encroach into the
operating characteristic:

Zone 3 reach £ 0.8 Ziowest Impedance Line Behind The Relay

Figure 3.8 — Zone 3 backup Reach

| cB Adjacent Line 1 cB
| cB Adjacent Line 2 cB

| cB Adjacent Line 3 cB cB Protected Line cB

Local
Distance
Relay

<
<
Zone3=08xZ Adjacent Line 3

Z djacent Line 1 > Z Adjacent Line 2 > Z Adjacent Line 3

Zone 3 must not detect faults downstream from remote transformers whose windings supply systems
protected by IDMT overcurrent protection schemes. (i.e. the zone 3 may operate faster than the IDMT
overcurrent for an LV fault). The wost case is the lowest impedance combination of two parallel
transformers. Under these conditions the maximum reach is:

Zone 3 reach £0.8 x [ZProtected Line + Z//_Transformers]

where Z;; transformers iS the lowest possible parallel combination of transformers at the remote end that
connect to a system protected by IDMT overcurrent relays.

Figure 3.9 — Zone 3 backup reach setting consideration
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Relay

Zone 3 = 0.8 X Z Transformers

3) When used in communications aided schemes:

When used in blocking schemes the forward direction remote zone 2 reach must not over-reach the
reverse direction local zone 3 reach.
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3 Transmission Line and Cable Protection

Zone 3 is typically set to 1.3 x remote zone 2 when used with blocking schemes. If remote zone 2 is a
quadrilateral characteristic, zone 3 must be of same R/X ratio.

Zone 3 reach = 1.3 remote zone 2 reach

Figure 3.10 — Zone 3 reach
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3.4.3.2.3.3 Zone 3 Time delay

A 2.5 second delay is standard for all remote system backup zones 3. A fault within the roll out region of
the remote zone 2 could be cleared by local zone 3 operations. Historically this delay was calculated for
each setting order. After a review of the calculated delays it was noticed that 2.5 seconds provided enough
margin to be used as a standard setting.

There is no attempt to coordinate zone 3 with zone 4. A fault persisting for the standard zone 3 or zone 4
delays indicates a catastrophe. If the line is contributing to the fault, tripping will mitigate the problem.

3.4.3.2.4 Zone 4
3.4.3.2.4.1 General

Zone 4 (Z3F for electromechanical relays) provides system backup protection for faults on plant beyond the
end of the protected line. Zone 4 is also used to provide SOTF protection in the forward direction.

Zone 4 is set in the forward direction.
Zone 4 is active at all times.
3.4.3.2.4.2 Zone 4 reach

1) Lower limit

Where practical the Zone 4 reach will be set to detect all bolted faults on the longest adjacent line.
Note that this setting does not necessarily need to allow for in-feed on the adjacent line. This may
result in remote faults on the adjacent line to being undetected by zone 4.. This is considered
acceptable because zone 4 is in addition to the Technical Rules required backup protection for the
adjacent line. Both protection systems on the adjacent line would have to fail before zone 4 would be
required to respond to the fault.

Zone 4reach>1.2 x (Z Protected Line + Z Highest Impedance Adjacent Line)

34 This time delay was formerly 1.0 or 2.0 seconds.
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3 Transmission Line and Cable Protection

Figure 3.11 — Zone 4 maximum reach
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2) Upper limit
It must not be possible for worst case load to encroach into the operating characteristic.

When IDMT overcurrent is provided at the remote end or load encroachment intervenes the maximum
reach is:

Zone 4 reach £0.8 x (Z protected Line + Z //_Transformers]

where Z;; transformers iS the lowest possible parallel combination of transformers at the remote end that
connect to a system protected by IDMT overcurrent relays.

3.4.3.2.4.3 Time delay

A 2.5 second delay is standard for all remote system backup zones *. A fault within the roll out region of
zone 2 could be cleared by a zone 4 operation. Historically this delay was calculated for each setting order.
After a review of the calculated delays it was noticed that 2.5 seconds provided enough margin to be used
as a standard setting.

3.4.3.3 Instantaneous Overcurrent

Instantaneous overcurrent protection is useful when a fault close to one end of a line causes CT saturation.
Sufficient saturation can delay, or prevent operation of the local differential elements. The instantaneous
overcurrent elements are faster than the differential elements and may operate before the onset of
saturation.

3.4.3.3.1 Two Ended Lines

The high set overcurrent pickup is set to 1.3 x the maximum fault current at the remote end of the line with
the remote end CB open and at maximum generation. This means that it may not be set effectively on short
transmission lines.

3.4.3.3.2 Teed Lines

For a teed line between substations A, B, and C the maximum fault current at bus A is given by:

120°

ZLineBZLineC

IFaultA = pu

Line
A ZLineB + ZLineC

35 This time delay was formerly 1.0 or 2.0 seconds.
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3 Transmission Line and Cable Protection

Figure 3.12 — Maximum fault level on teed lines
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The high set overcurrent pickup at bus A is set to 1.3 x the maximum fault current at bus A.

3.4.3.4 IDMT Directional Earth Fault

The purpose of IDMT directional earth fault (DEF) is to detect and clear low level earth faults, below the
sensitivity of the main protection system. IDMT DEF is a standard function provided on all split phase
constructions.

It may be possible to coordinate IDMT earth fault relays on a system of lines using DEF elements. If DEF
elements are not available the line, the earth fault function is set with a slow time multiplier similar to remote
backup. Consideration must be given to the coordination of downstream earth fault protection schemes
under N-1 secondary conditions when selecting the pickup and time multiplier setting (TMS). If the failure of
a single downstream secondary element does not present a loss of discrimination then the following settings
are selected:

1) Western Power’s standard earth fault pickup is 0.1

2) Western Power’s standard TMS is 0.50. This provides a definite minimum operating time range of 0.99 —
1.13 seconds, depending on the relay. This delay is considered suitable to discriminate with adjacent lines
which may be equipped with high speed single pole automatic reclose (HSSPAR). Where HSSPAR is not
provided a faster TMS can be used (e.g. > 0.30), however DEF must never operate before the zone 2 total
clearing time.

3.4.3.5 Switch On To Fault
3.4.3.5.1 Purpose

The purpose of switch on to fault (SOTF) is to respond quickly to closure of the associated circuit breaker
onto a set of working earths applied to the transmission line at or very near the terminal station or zone
substation.

SOTF comprises a single phase instantaneous overcurrent element supervised by voltage elements. It may
also include distance elements 3°.

36 The incorporation of SOTF in electromechanical / analogue solid state distance relays using overcurrent elements bordered the impossible.
Impedance starters or third zone measurers were used instead. These had overcurrent guards, typically with 0.1A —0.2A secondary current
pickups. With the last generation of these (e.g. Quadramhos) a choice of impedance starters and/or level detectors was possible. The current
setting of the level detector, however, was determined primarily by the zone 1 reach and if the manufacturer’s guidelines were followed, the
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3 Transmission Line and Cable Protection

SOTF is applied to all lines for the following reasons:

1) Some relay elements include a capacitive inrush feature which delays them and increases their pickup
during switch on conditions.

2) The sensitivity required to detect SOTF conditions may result in an excessively low setting. For security,
the differential elements should be set above the maximum load plus charging current, while still
detecting all line faults.

3) Faults near the substation will cause the volts to inhibit distance elements from clearing the fault.

4) The differential elements will not respond to faults outside the protected zone. Without SOTF closure
onto working earths beyond the end of a line therefore needs to be detected by other elements. The
backup distance protection elements typically have time delays of 1 second. For faults on the local or
remote buses, fault clearance by busbar protection would be rapid. For working earths in the small zone
at the remote end, clearance would be by the busbar protection, circuit breaker fail and inter-tripping
which is slow.

3.4.3.5.2 Functionality
SOTF can be summarised as follows:

1) The SOTF function shall be “armed” when the circuit breaker has been opened and the standard SOTF
enable time of 60 seconds has elapsed. The circuit breaker is determined to be open when:

a) Currentis below a set level in all phases and
b) The circuit breaker auxiliary contacts indicate that the circuit breaker is open

2) The SOTF function shall be “disarmed” when the circuit breaker has been closed and the standard SOTF
duration time of 0.6 seconds has elapsed. The circuit breaker is determined to be closed when:

a) Currentis above a set level in at least one phase or
b) The circuit breaker auxiliary contacts indicate that the circuit breaker is closed

3) SOTF shall be voltage restrained unless a VT is not available. Restraint for load inrush conditions and VT
failure is provided by a voltage element. Restraint for VT failure is provided by logic. Refer to section
3.4.3.8.

3.4.3.5.3 SOTF Settings
3.4.3.5.3.1 Zone 3 and Zone 4

Zone 3 and zone 4 are used for SOTF with differential schemes. The reasons for this are:

1) The elements include a capacitive inrush feature which delays them by 1 cycle and doubles their pickup
during switch on conditions

2) The sensitivity required to detect SOTF conditions may result in an excessively low setting, bearing in
mind that for security, the differential elements should (preferably) be set above the minimum load
(+charging), whilst detecting all line faults.

best distance reach accuracy was obtained with the minimum level detector pickup current (e.g. 50 milliamps secondary) giving the setting
engineer little flexibility.

Numerical relays avoid all these problems by measuring the 50 Hz component of the current and offering any pickup over the full range of the relay.
This pickup can be “ANDed” with a positive-sequence voltage to distinguish between fault current and inrush/charging current. The result can
be “ORed” with zone 3 or zone 4 if required.
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3 Transmission Line and Cable Protection

3) CT saturation may prevent operation of the differential elements

4) The differential elements will not respond to faults outside the protected zone. Hence, closure onto
working earths beyond the end of a line will need to be detected by other elements, or protection.

3.4.3.5.3.2 Phase Time Overcurrent

Pickups are determined by the following limits:

1) The lower limit of the setting is calculated from:
a) Phase time overcurrent pickup

b) A margin. The SOTF margin ensures that the pickup of SOTF is above the maximum intended steady
state transmission line load. This avoids the sequential event buffer being filled with uninteresting
changes. Normally set to 130% of load.

c) Relay errors.

In practice, a small setting may be acceptable, if a very secure restraint for cold load inrush and VT
failure conditions is possible *’.

2) Upper limit: 50% of the bolted 3 phase fault level at the busbar under minimum system conditions.
3.4.3.5.3.3 Phase under voltage pickup

All phase voltages must be below this setting for the phase under voltage function to pickup. The phase
under voltage pickup should be:

1) Above a lower boundary just above zero. The lower the setting of pickup, the less effective the SOTF
function will be. If the pickup is set close to zero, only earths placed close to the bus bar would cause
SOTF to operate.

2) Below an upper boundary defined by the voltage sag caused by energising a heavily loaded, healthy
transmission line.

3) Astandard setting of 40% of the nominal operating voltage has been used with success. This setting:
a) Permits working earths within the radius of interest to be detected
b) Differentiates between load inrush current and fault current caused by working earths

A time delay is required when the VT used for SOTF restraint is energised by closing the line circuit breaker.
The time delay must be sufficient to allow the protection relay time to measure voltage and restrain SOTF.
Without the time delay the SOTF function could incorrectly operate for inrush.

3.4.3.6 Circuit Breaker Failure

The purpose of circuit breaker failure (CB Fail) is to detect when the tripping of a circuit breaker fails to clear
its contribution to a fault. This can be caused either by the circuit breaker failing to open or by a small zone
fault.

37 Historically when voltage restraint was not used a SOTF allowance factor of 3 was used to allow for cold load inrush. A factor up to 6 would have
been used if loads were known to draw large inrushes. Unrestrained SOTF operations have been experienced at settings based on 150% of
maximum load.
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3 Transmission Line and Cable Protection

The circuit breaker failure detection in RRST sites are to be performed by current and CB auxiliary contacts
checks. This design mainly relies on CB auxiliary contacts check for the scenarios of local or remote CB fail
and faults on the LV side of the RRST.

Refer to Section 8 — Circuit Breaker Protection for a detailed description of CB Fail.

3.4.3.7 Local and Remote Metering

Refer to Engineering Design Instruction — Substation Secondary Systems Design for local and remote
metering requirements.

3.4.3.8 VT Failure

The purpose of VT failure is to distinguish between two distinct conditions. Both of these conditions result
in a disturbance or loss of secondary volts from the VTs to the relay. The two conditions are:

1) Primary system fault conditions such as:

a) Phase to earth faults

b) Phase to phase faults

c) Three phase faults

Under these conditions the relay must recognise that a primary fault exists and operate.
1) Non primary system fault conditions such as:

a) VT primary isolated by primary switching or primary fuse operation

b) VT secondary disturbed by secondary fuse, or MCB operation

c) Secondary wiring interference

d) Disturbance at the test links

e) Secondary wiring fault

Under these conditions the relay must recognise that a fault does not exist and not operate. The
protection relay may need to take steps to restrain some protection functions.

3.4.3.8.1 Alarming

The VT is used to calculate fault impedance, restrain protection functions and for metering. It is therefore
important to alarm for a VT No primary system fault exists and

A secondary system fault does exist.

3.4.3.9 Circuit Breaker Wear Monitoring

The purpose of circuit breaker wear is to assist in the scheduling of circuit breaker maintenance. If a
transmission line protection relay is used to control a circuit breaker, it must also provide circuit breaker wear
monitoring.

Settings are chosen to allow the relay to calculate and accumulate circuit breaker wear information during
each circuit breaker opening action.
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3 Transmission Line and Cable Protection

It is important to preserve accumulated breaker monitoring information during routine maintenance.
Therefore it is a requirement that maintenance staff be provided with a means of temporarily disabling the
recording of such data.

3.4.3.10 Trip Circuit Supervision

The purpose of trip circuit supervision (TCS) is to supervise the integrity of the circuit breaker trip coil. The
trip coil is supervised when in both the open and closed state. TCS also supervises the integrity of some of
the associated secondary wiring

Refer to Engineering Design Instruction — Substation Secondary Systems Design for a detailed description of
TCS.

3.4.3.11 Dynamic Disturbance Recorder

The dynamic disturbance recorder (DDR) must be configured so that the recorder captures the:
1) Pre fault waveforms.

2) Post fault waveforms which include circuit breaker failure operations.

3) Post fault waveforms which include clearance by downstream devices within the main protection
system operating zone.

3.4.3.12 Sequence of Events Recorder

The sequence of events recorder (SER) monitors what occurs within the relay during both normal operation
and faults. When the SER is triggered, a record is created of these events. A protection trip must trigger the
SER.

To simplify the event record and minimise the chance of the relay failing, the following guidelines should be
followed when choosing what is to appear in the SER:

1) Do not include word bit outputs of directional elements

2) Do not include word bits that may change state frequently under normal conditions, or near the edge
of such conditions

3.4.3.13 Time Synchronisation

The protection relays must be configured to receive the Irig B time code or the SNTP time signal when
available. The Irig B clock and the SNTP server provide accurate time stamping for fault events. Irig B is
more accurate and preferred when no additional wiring is required.

Irig B is standard for all DNP relays. Irig B is standard on IEC61850 relays when additional wiring is not
required (e.g. zone substation HV relays). When additional wiring is required SNTP is used (e.g. zone
substation LV relays).

3.4.3.14 Defective Alarms

Protection defective means the protection scheme is defective. At DNP sites this is hardwired from the IED
to the RTU and means that the IED is defective. At IEC61850 sites it includes failure of the IEC61850
signalling.

Device defective means that the hardware is defective. Examples include IEDs, controllers and gateways.
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3 Transmission Line and Cable Protection

Defective alarms use normally open contacts when hardwired.
3.4.4 Main Protection Systems Site Specific Functions

3.4.4.1 Delayed Automatic Reclose

The purpose of delayed automatic reclose (DAR) is to automatically restore supply following a transient fault.
DAR trips and closes all three circuit breaker poles at once (3 pole tripping).

DAR must be taken out of service when:
1) The operator selects the local / remote switch on the circuit breaker to the local position
2) The circuit breaker mechanism is defective

Refer to Section 8 — Circuit Breaker Protection for a detailed description of DAR.

3.4.4.2 High Speed Single Pole Automatic Reclose

The purpose of high speed single pole automatic reclose (HSSPAR) is to automatically restore supply following
a transient fault. HSSPAR trips and closes each pole independently (single pole tripping). The line protection
must provide phase segregated tripping and CB fail initiate.

HSSPAR must be taken out of service when:
1) The operator selects the local / remote switch on the circuit breaker to the local position
2) The circuit breaker mechanism is defective

Refer to Section 8 — Circuit Breaker Protection for a detailed description of HSSPAR.

3.4.4.3 Check Synchronisation

The purpose of check synchronisation (check sync) is to prevent unsynchronised systems from being closed
onto each other.

Refer to Section 8 — Circuit Breaker Protection for a detailed description of check sync.
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3.5 Appendix A — Transmission Line and Cable Design Requirements

Functions Operation Indication

Function Name ANSI Initiation Selection Resetting Operation Selection Resetting
A/R | CB Fail Local EPCC Local EPCC Local EPCC Local EPCC Local Self

Distance 21 Yes Yes Self Yes Yes Yes

Differential 87 Yes Yes Self Yes Yes Yes

Highset instantaneous overcurrent 50 Yes Self Yes Yes Yes

Directional earth fault time overcurrent 64 Yes Yes Self Yes Yes Yes

Switch on to fault SOTF Yes Self Yes Yes Yes

CB failure 52 Latched Yes Yes Yes

Local metering HMI

Remote metering 77

VT failure 47 MCB Yes Yes

Circuit breaker wear monitoring 94.1 Yes Yes

Trip circuit supervision TCM Self Yes Yes Yes

Dynamic disturbance recorder DDR

Sequence of events recorder SER

IRIG B CLK Yes Yes

Protection defective Self Yes Yes Yes

Device defective Self Yes Yes Yes

DAR 79 Yes Yes Self Yes Yes Yes Yes Yes
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3 Transmission Line and Cable Protection

HSSPAR 79 Yes Yes Self Yes Yes Yes Yes Yes
Out of step blocking 68 Self Yes Yes Yes
Fault Locator Self Yes Yes Yes
Check synchronism defective 25 Self Yes

Intertrip Send / Receive Yes Yes Yes Yes

Note: Grey areas signify ‘No’ or ‘Not Applicable’
Note: Relay Resetting includes both contact and word bit resetting

Note: Resetting requirements above are for lines only. Cable protection operations are always latched
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3.6 Appendix B — Roles and Responsibilities

3.7 Appendix C - Transmission Line and Cable Operating Zones
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3.8 Appendix D — Advantages / Disadvantages
3.8.1 Main Protection Schemes Advantages / Disadvantages

3.8.1.1 Differential / Distance
Advantages of this option include:
1) Different operating principles
Disadvantages of this option include:

1) As a unit protection, the differential protection scheme only detects and clear faults within the
operating zone. They do not provide system backup protection past the operating zone. For this reason
time stepped distance element shall always be utilised in addition to the differential element.

2) Distance reaches can be difficult to set on teed transmission lines to achieve required total fault
clearance times.

3.8.1.2 Differential / Differential

Advantages of this option include:

1) Used on teed transmission lines to overcome reach problems with distance schemes
2) Used on short lines where distance protection schemes cannot be used effectively
Disadvantages of this option include:

1) Asaunit protection, differential protection schemes only detect and clear faults within the operating
zone. They do not provide system backup protection past the operating zone.

2) Similar operating principle
3.8.1.3 Distance / Distance
Advantages of this option include:

1) Can be used to provide backup protection for primary equipment outside of the transmission line
operating zone

2) Close in faults cleared quickly
Disadvantages of this option include:

1) Distance reaches can be difficult to set to achieve required total fault clearance times on teed
transmission lines

2) Similar operating principle. This can be minimised by utilising interlocked distance schemes based on
differing operating principles.
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3 Transmission Line and Cable Protection

3.8.2 Interlocking Schemes Advantages / Disadvantages

Advantages POR PUR ‘ BOR BUR

There is a greater tolerance to high impedance faults since over reaching elements are used. | X X
High speed clearance will occur for any faults detected by the overreaching elements.

There is a greater tolerance to high resistance faults than with a normal time stepped distance X
scheme since the zone 1 element at only one end is required to pick up to give high speed fault
clearance

The scheme is more tolerant to errors on the communications channel, than a direct inter- | X X X X
tripping scheme, since the signal is checked by local measurement.

With independent zone 1 and 2 elements, high speed clearance of faults can still occur with | X X
the loss of the signalling channel as it reverts to a normal time stepped distance scheme. Thus
provided high speed clearance over the entire line is not required for coordination,
coordination will not be lost. There may however be cases where the zone 2 elements of other
lines overlap in which case the signalling channel is required for coordination.

This scheme can be used on short lines due to its tolerance to high resistance faults. Also the | X
distance relay does not need to be set to less than the line impedance. Setting a relay to less
than the line impedance can be a problem on very short lines.

Independent signalling channels are not required since a permissive signal is only sent if the X
relay gives a trip output.

The scheme can be applied to teed lines provided the possible slower clearance can be X X
tolerated (short time lag)

The scheme can be used lines with weak or no in-feed without any added logic. X X
High speed fault clearance is achieved over the entire line length X X

A dual signalling channel is not required X
Disadvantages POR PUR ‘ BOR BUR
Independent signalling channels are required in each direction. X X

Where independent zone 1 and 2 elements are not available, slow clearance of faults will occur | X
upon the loss of the signalling channel. This will generally result in the loss of coordination for
some faults.

Fast clearance of faults is dependant upon the over reaching elements of the distance relays | X X
at both ends of the line seeing the fault. If there is a weak or no source at one end, resulting
in the relay not seeing the fault, or the remote circuit breaker is open, then a permissive signal
will not be sent from that end and slow clearance will result. This can however be overcome
by the use of a weak in-feed scheme.

The scheme will may not provide high speed clearance for teed lines. X X

If the fault is not seen by zone 1 from at least one end the fault clearance will be slow. Thus X
the tolerance to high resistance faults is not as high as with an over reaching scheme

Coordination can be lost on failure of the signalling channel X X

Coordination can be lost for some high resistance faults if the forward reach of the zone 3 X X
element cannot be set as far as the remote line end.
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3 Transmission Line and Cable Protection

Some relays are not suitable for a blocking scheme if the forward reach of the zone 3 cannot X X
be set as far as the remote line end.

3.8.3 Stub Protection Advantages / Disadvantages 32

Advantages of providing stub protection include:

1) The line remains energised from the remote end and in service for a stub fault.
2) The circuit breakers do not trip for a line fault.

3) A less sensitive overcurrent setting may be possible to better guard against heavy through fault
currents.

Disadvantages of providing stub protection include:

1) Enabling stub protection adds complexity without significant operational gain. Stub faults are rare and
if a bay is opened for a line fault, the bay can generally be re-meshed.

2) Depending on how the stub protection is implemented a faulty disconnector auxiliary contact may trip
the remote ends.

3) There is possible confusion when stub / logout mode interacts with local maintenance test (LMT) mode.

4) Some relays block all intertrips when in stub mode. These intertrips may be configured for special
schemes such as runback schemes which operate independently of the disconnector status.

38 Digital Differential Enhancements and Scheme Standardisation,
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3 Transmission Line and Cable Protection

3.9 Appendix E - Main Protection Scheme Selection

Number of high speed protection schemes is determined by the following requirements:

1) Critical fault clearance times

2) Technical Rules maximum total fault clearance times

3) Discrimination

Number of high | Teed Line OR  Short line Weak In-feed Communicationl  Communication 2 Protection 1 Protection 2
speed schemes HSSPAR! (<5 km) Possible Available Available
required
0 No No No None None Time Stepped Distance Time Stepped Distance
Local OR Remote End Digital Digital Digital Differential ® Digital Differential ®
Digital Analogue Digital Differential Permissive Overreach
Analogue Analogue Permissive Overreach Permissive Overreach
Digital Power Line Carrier Digital Differential Unblock
Analogue Power Line Carrier Permissive Overreach Unblock
Local AND Remote Ends 3 Digital 4 Digital 4 Digital Differential ® Digital Differential ®
Yes N/A Digital 4 Digital 4 Digital Differential ® Digital Differential ®
Yes N/A N/A Digital 4 Digital 4 Digital Differential ® Digital Differential ®
1 No No No Analogue None Permissive Overreach Time Stepped Distance
Blocking Time Stepped Distance
Digital None Digital Differential Time Stepped Distance
Local OR Remote End Digital Digital Digital Differential ® Digital Differential ®
Digital Analogue Digital Differential Permissive Overreach
Analogue Analogue Permissive Overreach Permissive Overreach
Digital Power Line Carrier Digital Differential Unblock
Analogue Power Line Carrier Permissive Overreach Unblock
Local AND Remote Ends 3 Digital 4 Digital 4 Digital Differential ® Digital Differential ®
Yes N/A Digital 4 Digital 4 Digital Differential ® Digital Differential ®
Yes N/A N/A Digital 4 Digital 4 Digital Differential ® Digital Differential ®
2 No No No Analogue Analogue Permissive Overreach Blocking
Digital Analogue Digital Differential Permissive Overreach
Digital Digital Digital Differential ® Digital Differential ®
Digital Power Line Carrier Digital Differential Unblock
Analogue Power Line Carrier Permissive Overreach Unblock
Local OR Remote End Digital Digital Digital Differential ® Digital Differential ®
Digital Analogue Digital Differential Permissive Overreach
Analogue Analogue Permissive Overreach Permissive Overreach
Digital Power Line Carrier Digital Differential Unblock
Analogue Power Line Carrier Permissive Overreach Unblock
Local AND Remote Ends 3 Digital 4 Digital 4 Digital Differential ® Digital Differential ®
Yes N/A Digital 4 Digital 4 Digital Differential ® Digital Differential ®
Yes N/A N/A Digital 4 Digital 4 Digital Differential ® Digital Differential ®

1) Two high speed protections are required with HSSPAR applications to ensure that the circuit breaker operations at each end of the faulted line are as

simultaneous as possible

2) ‘Weak In-feed Possible’ does not include ‘No In-feed’

3) This includes both line ends being subjected to a weak in-feed for the same network configuration

4) Digital communications is required under these conditions

5) Duplicate differential protection is considered acceptable because, when possible, time stepped distance is always implemented with differential protection.
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4 Busbar Protection

4 Busbar Protection

4.1 Introduction
The purposes of this section are to:

1) Define at a high level the functional requirements for busbar protection in Western Power terminal
stations and zone substations

2) Capture information which explains the reasoning behind the busbar protection design and settings

4.2 Scope

This section applies to busbar protection in Western Power terminal stations and zone substations.

4.3 Functional Requirements
The functional requirements of the busbar protection system are:
1) Detect and clear faults in the busbar operating zone

2) Detect and clear faults within times specified by the Technical Rules

4.4 Busbar Protection

4.4.1 Introduction

The main purpose of the busbar protection system is to minimise danger to staff and damage to equipment
by clearing faults on the busbar.

The detection of faults by detecting differential currents is widely used for protection of many types of
primary equipment including busbars. Differential protection is based on the principle that the current
entering a non-faulted object equals the current leaving the object.

Current transformers (CT) are located on all circuits connected to the busbar that can carry current into or
out of the busbar. The current transformers define the busbar protection’s operating zone. A fault within the
operating zone will make the current entering the operating zone higher than the current leaving. The
difference in currents is called the differential current. The protection relay detects the differential current
and issues a trip command if the magnitude of the differential current is above the set threshold.

4.4.1.1 Protection Schemes
4.4.1.1.1 High Impedance Current Measuring Relays

Current measuring relays have a coil which is energised by a tapped transformer. The transformer taps are
selected via a bridge and provide the current setting of the relay (lset). When the current through the coil
(Irelay) reaches the setting value, lset, the relay operates.

For external through fault stability, the extreme case where one CT fully saturates and the other CTs have no
saturation is considered. The fully saturated CT is modelled with its magnetic impedance short circuited, thus
driving no current. The operating voltage Vop must be high enough so that the relay does not operate for a
through fault with CT saturation.
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4 Busbar Protection

The value of Rseries and the relay resistance determine the operating voltage (Vor). The operating voltage can
therefore be set higher than the voltage across the saturated CT and leads by increasing Rseries. Increasing
Rseries reduces the amount of current through the relay, lgeiay, to less than the setting, lser. This prevents
incorrect operation for through faults with a saturated CT.

Rseries must also be selected so that Vop is below % the lowest CT knee point.

Figure 4.1 — Equivalent Circuit: Current measuring relay with a through fault

X )

A A
Iy(pri) l Rery 2 (Reasy) 2 (Rieadx) Rerx
— 1 {1} 1 T

|| TIY(sec) RSeries
CTY E_ @ Irelay

/ leT supv RReIay

4

3 CT X
Saturated

Vop—P
[

Metrosil

Imetrosil

-

Figure 4.2 — Equivalent Circuit: Current measuring relay with an in-zone fault
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4.4.1.1.2 High Impedance Voltage Measuring Relays

Voltage measuring relays have a selectable voltage setting, Vset. When the voltage across the relay, Vop,
reaches Vset the relay operates. The voltage setting must be above the voltage which develops across the

leads and a saturated CT. This allows stability for through faults. Vs must also be below % the lowest CT
knee point.

The impedance of the relay coil may limit the primary operating current (lpoc) to a level below the design
requirements. A shunt resistor (Rsnunt) is therefore usually installed. Rshunt can be used to:

1) Increase the primary operating current

2) Decrease Vop to less than % the lowest CT knee point by providing a parallel path for current

—
|

—
—

westernpuwer Uncontroll.ed document when printed
© Copyright 2024 Western Power Page 73 of 377
age730



=
. ol
e —

4 Busbar Protection

3) Increase Vop above the voltage developed across the lead and saturated CT resistance for stability

during through faults

Figure 4.3 — Equivalent Circuit: Voltage measuring relay with a through fault
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Figure 4.4 — Equivalent Circuit: Voltage measuring relay with in-zone fault
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4.4.1.1.3 Low Impedance Differential Protection

Low impedance busbar protection schemes consist of numerical relays that measure individual circuit
currents and determine the differential current numerically. Low impedance differential protection schemes
incorporate a bias element to increase security for through faults.

4.4.2 Design Requirements

Section 4.5 outlines the design requirements for standard functions and site specific functions.

4.4.2.1 Distribution Main Protection System

4.4.2.1.1 Indoor Switchgear with Busbar Protection

The busbar main protection system operating zone is defined by the current transformers on circuits
connected to the busbar. Refer to Section 4.7 — Appendix C — Operating Zones.

The selection of the busbar protection system is based on the lowest life cycle cost. Refer to Appendix E —
Advantages / Disadvantages for the advantages and disadvantages of each option.
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4 Busbar Protection

Table 4.1 - Indoor Switchboard Main and Second Protection Systems

Option Main Protection System Second Protection System
1 High Impedance Transformer HV IDMT overcurrent
2 Low Impedance Transformer HV IDMT overcurrent

1) Highimpedance scheme. These schemes are preferred for all applications except double busbar
configurations. It is not always possible for the transformer LV protection system to back up a feeder
protection scheme. In the case where there is lack of sensitivity for a single feeder it is more cost
effective to install a second feeder protection relay than a low impedance busbar scheme.

2) Low impedance scheme. Low impedance schemes are preferred for:

a) Double busbar applications. This is because high initial hardware costs are significantly offset by
higher security against incorrect operation due to faulty disconnector auxiliary contacts.

b) When lack of available CT cores are a problem. Low impedance busbar protection can perform
other functions (e.g. IDMT overcurrent).

The current low impedance relay only has enough AC inputs for 6 circuits. Use of multiple low
impedance relays to protect a busbar with many connected circuits is possible but not cost effective. It
is preferred not to parallel circuits because the relays do not bias the contributions.

4.4.2.1.1.1 Existing Outdoor Switchgear with no Busbar Protection

The transformer LV protection provides the busbar main protection system. Note that the transformer LV
protection system must grade with the feeder protection systems. It therefore will generally not meet
clearance time requirements for a main protection scheme. For this reason a busbar protection system is
installed for all new busbars.

4.4.2.2 Distribution Backup Protection System

The backup protection system’s operating zone includes small zone faults in addition to the main
protection system operating zone. Refer to Section 4.7 — Appendix C — Operating Zones.

The backup protection system for new and existing sites is comprised of:

1) The transformer HV protection system. Specifically, the transformer HV overcurrent provides backup
protection for the busbar’s main protection or transformer LV protection system. The transformer HV
protection also detects and clears small zone faults on circuits connected to the LV busbar.

2) Feeder IDMT overcurrent protection. IDMT overcurrent is not directional and therefore may operate
for fault current supplied from the distribution system. An example of this would be feeders with
embedded generation.

3) The transformer LV standby earth fault (SBEF) provides backup for busbar earth faults.

4.4.2.3 Transmission Main Protection System

The operating zone of the main protection system is defined by the current transformers connected to the
busbar.

The selection of the type of main protection scheme is based on the lowest life cycle cost.
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4 Busbar Protection

Table 4.2 — Transmission Main Protection Schemes

Option Main Protection Scheme Use

1 High Impedance All applications except double busbar configurations.

2 Low Impedance Double busbar applications. The high initial hardware costs are significantly
offset by higher security against incorrect operation due to faulty
disconnector auxiliary contacts

4.4.2.4 Transmission Backup Protection System

The operating zone of the backup protection system includes small zone faults in addition to the main
protection system operating zone. The requirements for the backup protection depend on the voltage level.

Western Power’s preference is for duplicated circuit breaker failure schemes at all transmission voltages to:
1) Meet local total fault clearance time requirement
2) Allow the system to be reconfigured in the future without affecting the backup protection system

3) Minimise risk of blacking out a terminal station for a remote backup operation

4.4.2.5 Relay Reset Requirements
A protection device that sends a trip signal for busbar faults shall:
1) Latch

2) Retain its state when powered down

4.4.2.6 Stability

A busbar protection operation will result in the tripping of many circuits. For this reason priority is given to
stability of the scheme for through faults and the effects of CT spill and saturation. In general, the maximum
possible relay setting, which still meets Western Power’s sensitivity requirement, is chosen to provide this
stability.

4.4.2.7 CT Polarity

For the busbar protection scheme to operate correctly the secondary terminals of the CTs must be connected
correctly with regard to polarity. When connected correctly the currents leaving the protected object are
subtracted from the currents entering for a through fault or load. When not connected correctly the currents
leaving add to the currents entering causing an incorrect operation. The requirement is that all bus-zone CT
star points either face the busbar or all star points face away from the busbar. Western Power’s policy for
new sites is:

1) Zone substation busbar schemes — The star points face away from the busbar.

2) All other plant — The star point faces toward the item of plant being protected. This includes terminal
station busbar and inter-zone schemes, transformers and non-unit protection.

When adding new circuits to an existing busbar scheme, the polarity of the new CT must be the same as the
existing CTs.
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4 Busbar Protection

4.4.2.8 High Impedance Schemes

High impedance schemes are simple in design, cost effective and proven reliable. They are used for single
bus and 1.5 CB configurations. They are not used for:

1) Double busbar configurations. These configurations require a check zone and discrimination zones
which depends on disconnector auxiliary contacts. Low impedance scheme relays have the ability to
monitor the disconnector auxiliary contacts and are therefore preferred.

2) Sites with feeder sensitivity issues. Low impedance scheme relays have the facility to monitor the
currents of individual feeder circuits. This allows them to provide the feeder’s second protection
system when the transformer LV protection system cannot.

4.4.2.8.1 General
The protection design and relay setting must meet the following Western Power requirements:
1) The minimum CT knee point voltage must be at least twice the operating voltage
2) The primary operating current (lpoc) must:
a) Be less than half the minimum fault current which we require the scheme to detect.
b) Be greater than 1.3 times the worst spill current arising due to CT errors.

c) Where CT supervision is not being used, be approximately 25% of the CT primary rating. This is to
let the busbar protection operate for a problem with the CT secondary wiring under reasonable
load current. The busbar operation will both de-energise the problem CT and alert the East Perth
control centre (EPCC) to the problem.

d) Where CT supervision is being used, be greater than load current. This is to avoid alarming under
normal conditions.

3) The resistor power rating must be adequate under the following conditions:
a) The scheme is being tested.
b) The current through the resistor is just under the relay operating current.
c) This current is maintained indefinitely.
4) The operating voltage of the metrosil must be limited to 80% of its rating to:
a) Provide safety for the maintenance people involved in the testing of the primary operating current
b) Avoid large metrosil currents affecting the primary operating current

High fault currents can result in dangerously high voltages across the busbar protection relay. The
metrosil is a non-linear resistor that clamps the voltage by becoming a low resistance path as the
current increases.

5) The maximum loop resistance must be calculated. The actual loop resistance is checked against this
value at commissioning.

6) The minimum and maximum primary operating current must be calculated. These are used by
commissioning as a guideline for testing.
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4 Busbar Protection

4.4.2.8.2 Existing Busbar Schemes

Adding a new circuit to an existing busbar protection system requires that the protection design engineer
check that the busbar protection system still meets the general requirements outlined above. The following
setting checks must be made:

1) When adding a new circuit to an existing high impedance scheme the ratio should match the existing
CTs. For situations where an exact ratio match is not possible, an interposing CT (IPCT) may be used.

2) The lowest knee point of the CTs in the busbar scheme is used to calculate the maximum operating
voltage. If the new CT knee point is less than the lowest existing knee point, the new CT knee point
must be used to calculate the maximum allowable operating voltage. The busbar protection operating
voltage must be less than this value.

The new CT magnetising current must be added to the Primary Operating Current (POC). The recalculated
POC must meet Western Power’s sensitivity requirements. Refer to Section 16 — Protection Sensitivity.

4.4.2.8.3 Resistors

4.4.2.8.3.1 Series Resistor (Current Measuring Schemes)

The series resistor, Rseries, in current measuring schemes is used to adjust lgelay to a value less than Ise: for
through faults with CT saturation. For maximum stability the value of Rseriesis chosen to allow:

1) The operating voltage, Vop, to be equal to or less than % the minimum CT knee point voltage and
2) The primary operating current, lpoc, to meet Western Power’s sensitivity requirements
4.4.2.8.3.2 Shunt Resistor (Voltage Measuring Schemes)

The shunt resistor, Rshunt, in voltage measuring schemes is used to adjust lpoc to a value which meets the
design requirements in Section 4.4.1.1.2. Rshunt is also used to adjust Vop to be greater than Vse for through
faults with CT saturation. For maximum stability the value of Rshunt is chosen to allow:

1) Vset to be equal to or less than % the minimum CT knee point voltage.

2) Allows lpoc to be 1.3 times the worst case spill arising from CT errors.

4.4.2.8.3.3 Standard Resistor Values

When possible the resistor values must be selected from the following Western Power stock:
500 ohm, 500 Watt

720 ohm, 350 Watt

1000 ohm, 200 Watt

Note -/+ 5% tolerance in standard resistor used by Western Power.

4.4.2.8.4 Interposing Current transformers

When a new circuit is added to an existing busbar scheme it is not always possible to match the ratio of the
existing CTs. When an IPCT is used, the IPCT must not limit the performance of the busbar protection. The
following checks ensure this:

1) The effective turn ratio of the primary CT and IPCT is the same as the turn ratio of the existing CTs.
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4 Busbar Protection

2) The knee point of the IPCT must be at least equal to Vse: for voltage measuring relays and Vop for
current measuring relays.

3) The current necessary to magnetise the IPCT and primary CT must be added to the POC calculations.
4.4.2.8.5 CT Supervision

CT Supervision shall be used where the state of the disconnector auxiliaries can influence the performance
of the busbar protection system. During switching the circuit may be connected to the wrong busbar
protection scheme due to a disconnector auxiliary switch malfunction. The check scheme prevents tripping
in this situation so the problem would not be apparent. CT Supervision provides an alarm indicating a
problem with the CT secondary wiring.

4.4.2.9 Low Impedance Schemes

If both of the main protection schemes use low impedance relays, they must be sourced from different
manufacturers and be based on different hardware and different algorithms.

Low impedance schemes may be used under the following conditions:

1) Double busbar configurations. The low impedance relay monitors the disconnector auxiliary switch
status and condition. Busbar configurations can be changed in the logic rather than the hard wiring.

2) Atsites with feeder sensitivity issues. The low impedance relay can monitor individual feeders and
provide the second feeder protection system.

4.4.2.10 Frame Earth Leakage Schemes

Frame earth protection schemes provide some busbar protection without the need for separate CT cores
required for the differential schemes. Because modern switchboards can accommodate the required CT
cores, the frame earth leakage schemes are considered obsolete.

When working with frame earth leakage switchboards the switchboard must be insulated from earth except
through the frame leakage CT neutral. This means that there must be insulation:

1) Between the switchboard and where it is mounted
2) Inthe cable terminations (specifically the cable screen earth)

Existing frame earth leakage schemes have a poor performance record. This is due to the fact that they can
easily be compromised by the incorrect installation of earths. For this reason they are not used for new
installations.

Adding a new switchboard to a site with an existing frame earth switchboard will generally require running a
cable between the new switchboard and the existing switchboard. Because there will generally not be a CT
core available in the frame earth switchboard, the cable will not be included in a busbar scheme.

4.4.2.11 Directional Comparison Blocking Schemes

Directional blocking schemes are found on double busbar configurations. These schemes use directional
overcurrent relays to detect busbar faults.

For normal load or through faults the direction of current is into the busbar from transformers and out of the
busbar to feeders and bus sections. When the currents are in these directions the directional overcurrent
relays send a blocking signal to the busbar protection scheme. When the currents are not in these directions,
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4 Busbar Protection

the blocking signal is not sent causing the busbar protection system to trip the circuit breakers connected to
the busbar.

An advantage of these schemes is that they utilise the overcurrent CT cores. They do not require a separate
CT core on each circuit for the busbar protection system.

Disadvantages of these schemes are:
1) They are very complicated
2) Resultin slower clearance times than high or low impedance schemes.

For these reasons they are not used for new installations.

4.4.3 Main Protection System Standard Functions

4.4.3.1 High Impedance Schemes

4.4.3.1.1 Current Measuring Relays
4.4.3.1.1.1 Current Setting

1) Lower limit:

The current setting (lset) in current measuring relays must be above the spill current that occurs under
maximum through fault conditions. All CTs are PX class therefore the maximum turns ratio error is
+0.25% *. The worst case is with one CT having a -0.25% turns ratio error and the other a +0.25%. The
maximum spill current that can flow into the relay is then £0.5% of the maximum through fault current
on the busbar. Iset must be at least 1.3 times this value.

2) Upper limit:

The relay current setting (lset) must meet Western Power’s sensitivity requirements. Refer to Section 16
— Protection Sensitivity.

4.4.3.1.2 Voltage Measuring Relays
4.4.3.1.2.1 Voltage Setting

1) Lower limit:
Western Power’s minimum voltage setting is 50 V.
2) Upper limit:

The relay voltage setting (Vset) in voltage measuring relays must be less than or equal to % the minimum
CT knee point voltage.

39 AS 61869.2 — 2021
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4 Busbar Protection

4.5 Appendix A — Busbar Design Requirements

Functions Operation Indication
Function Name ANSI Initiation Selection Resetting Operation Selection Resetting
A/R | CB Fail Local EPCC Local EPCC Local EPCC Local EPCC Local Self

High Impedance

Differential 87 Yes Yes Yes Yes
Trip Relay Latched Yes Yes Yes
Supply Supervision Self Yes Yes

Low Impedance

Differential 87 Yes Latched Yes Yes Yes
Protection Defective Self Yes Yes Yes
Device Defective Self Yes Yes Yes

Note: Grey areas signify ‘No’ or ‘Not Applicable’

Note: Relay Resetting includes both contact and word bit resetting
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4 Busbar Protection

4.6 Appendix B -Formula

4.6.1 HighImpedance Formula

The following formulas are useful in designing and setting high impedance busbar protection systems

4.6.1.1 Current Measuring Relays

_ VARela\y
RRelay - 12
Set

Vop = Iset - (RSeries + RRelay)
IPOC = IRelay and series resistor T IMetrosil + ICT_Supv + IMag_Total

The maximum loop resistance of a CT plus leads for any one CT in the group can be calculated from the
following equation:

1 Vop
RLoop_Max = : T
1.21615 F_Max
N
Where n 211615 is a factor to convert resistance from Ohms at 75° C to Ohms at 20° C.

4.6.1.2 Voltage Measuring Relays

(RShunt + RCT Supv + RRelay + RMetrosil)

(RShunt ‘Rer Supv * RRelay ' RMetrosil)

REquivalent =

Vop = REquivalent * Ipifferential

Iroc = IRelay + Ivetrosil T Ishunt + ICT_Supv + IMag_Total

The maximum loop resistance of a CT plus leads for any one CT in the group can be calculated from the
following equation:

R _ 1 . VSet
LoopMax ™1 51615 | (Ir Max
N
Where n 211615 is a factor to convert resistance from Ohms at 75° C to Ohms at 20° C.
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4 Busbar Protection

4.7 Appendix C — Operating Zones

The following drawing demonstrates the main protection system and the backup protection system

operating zones.

1.5 CB Terminal
Station

Zone Substation
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Backup protection system operating zone
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4 Busbar Protection

4.8 Appendix D — Western Power’s Preferred Busbar Protection schemes

4.8.1 330kV, 220 kV, 132 kV and 66 kV

Main Protection 1 Main Protection 2

a) Current measuring high impedance a) Voltage measuring high impedance

b) Low impedance (for double bus b) Low impedance (for double bus
configuration) configuration)

Backup Protection 1 Backup Protection 2

a) Circuit breaker failure a) Circuit breaker failure

4.8.2 33kV,22kV, 22kV, 11kV, 6.6 kV Indoor Busbars

Main Protection system Second Protection system

a) High Impedance a) Transformer HV IDMT overcurrent

b) Low Impedance

4.8.3 33 kV Outdoor Busbars

Main Protection System Second Protection system

a) High Impedance a) Transformer HV IDMT overcurrent

b) Low Impedance
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4.9 Appendix E- Advantages / Disadvantages
4.9.1 Transmission Main Protection Schemes

4.9.1.1 High Impedance Scheme
1) Advantages of this option include:

a) Low cost, simple design, proven highly reliable
2) Disadvantages of this option include:

a) Double busbar configurations require complex check and discrimination scheme components to
guard against incorrect operation for faulty disconnector auxiliary contacts.

b) Lack of oscillography leads to complex site investigations for failure of secondary wiring.

4.9.1.2 Low Impedance Scheme
1) Advantages of this option include:

a) For double busbar configuration the check and discrimination scheme components can be included
in one relay

b) Disconnector status is wired to the relay. The relay can detect and alarm for faulty disconnector
auxiliary contacts

c) IDMT over current elements can be set to provide the second feeder protection system. Refer to
Section 9 — Feeder Protection.

d) Can be used where the existing CTs have different CT ratios without requiring interposing CTs.
e) Oscillography available on each connected circuit.

2) Disadvantages of this option include:
a) Low impedance schemes are more expensive than high impedance schemes

b) Low impedance scheme designs, settings and commissioning are more complicated than high
impedance schemes.
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5 LV Switchboard Protection

5 LV Switchboard Protection

5.1 Introduction
The purposes of this section are to:

1) Define at a high level the functional requirements for LV switchboard protection in Western Power
zone substations

2) Capture information which explains the reasoning behind the busbar protection design and settings

5.2 Scope

This section applies to LV switchboard protection in Western Power zone substations.

5.3 Functional Requirements

The functional requirements for the LV switchboard protection systems are:
1) Detect and clear faults in the operating zone.

2) Detect and clear faults within times specified by the Technical Rules.

3) Coordinate with upstream and downstream protection systems.

4) Provide backup for downstream protection systems.

5) Clear faults within the thermal limits of associated primary equipment, including the power
transformer.

6) Itis nota purpose of the LV switchboard protection systems to provide overload, over voltage or under
voltage protection for circuit breakers, transformers or conductors.

5.4 LV Switchboard Protection

5.4.1 Introduction

Switchboards comprise standard modules which can be arranged in different configurations to suit the design
requirements of the site. There are two standard switchboard configurations and a number of non-standard
configurations.

5.4.1.1 Standard Switchboard Configurations

Standard switchboards are used at standard Western Power green field zone substations. These
switchboards are also installed in brown field sites. There are two types of standard LV switchboard
configurations:

1) Type 1 switchboard which includes:
a) 1incomer circuit
b) 1 bus section circuit

c) 2 Capacitor bank circuits
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5 LV Switchboard Protection

d) 4 feeder circuits
e) Al or A5 busbar
2) Type 2 switchboard which includes:
a) 1incomer circuit
b) 2 bus section circuits
c) 2 capacitor bank circuits
d) 4feeder circuits
e) A2, A3, Adbusbars

Refer to Section 5.5 for the staging and integration of these switchboards.

5.4.1.2 Non-Standard Switchboard Configurations

Non-standard switchboards are used at non-standard Western Power green field zone substations and brown
field sites. Some of the design issues are highlighted in this document. Because the design is non-standard,
site specific design issues must be identified and dealt with on a site specific basis. Common non-standard
switchboards include:

1) Type 2 switchboard with 4 bus sections

2) Type 1 or type 2 switchboard with increased feeder or bus section rating
5.4.2 Design Requirements

5.4.2.1 Backup Protection

5.4.2.1.1 Existing Brownfield Sites

Table 5.1 summarises the backup arrangement for pre 2013 LV switchboards at brownfield sites.

Table 5.1 — LV switchboard main protection system backup arrangement — pre 2013 switchboards at
brownfield sites

Main Protection system  Battery Second (Backup) Protection system

Feeder 2 Transformer LV 1

Second feeder main 1

Low impedance busbar®® 1
Capacitor 2 Transformer LV 1
Busbar 1 Transformer HV 2
Bus section 1 Transformer HV 2
Transformer LV 1 Transformer HV 2

40 Option when transformer LV cannot meet sensitivity requirements
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5 LV Switchboard Protection

5.4.2.1.2 New Switchboard at Existing Brownfield Sites

summarises the main and second protection systems for new DNP switchboards at brownfield sites. The
new switchboard will normally be connected to a new transformer with duplicated LV overcurrent
protection. The new switchboard can also be supplied from existing transformers with LV overcurrent
protection on battery 1 only.

Table 5.2 — New DNP switchboard at brownfield site

Main Protection system Battery Second (Backup) Protection system Battery

Feeder 2 Transformer LV 1
Second feeder main“® 1
Capacitor 2 Transformer LV 4 1
Busbar 1 Transformer HV 2
Bus section 1 Transformer HV 2
Transformer LV 1,2% |Transformer HV 1,2

5.4.2.1.3 Greenfield Sites

Table 5.3 summarises the backup arrangement for IEC 61850 switchboards installed after 2013 at green
field sites.

Table 5.3 — LV switchboard main protection system backup arrangement — greenfield sites

Main Protection system Battery Second (Backup) Protection system Battery

Feeder 1 Second feeder main *3 2
Capacitor 1 Second capacitor main® 2
Busbar 1 Transformer LV 2
Bus section 2 Transformer LV 1
Transformer LV 1&2 Transformer HV 1&2

5.4.2.2 Non-Standard Design Requirements
5.4.2.2.1 Frame Earth Leakage

Frame earth protection schemes provide some busbar protection without the need for separate CT cores
required for the differential schemes. Because modern switchboards can accommodate the required CT
cores, the frame earth leakage schemes are considered obsolete.

41 New transformers designs have a relay on battery 1 and a relay on battery 2. The (battery 2) backups up the SEL751A (battery 1) on the feeders
and capacitors for battery faults. The SEL487E (battery 1) backups the SEL751 (battery 1) on the feeders and capacitors for relay faults
(common mode failure).

42 HV and LV overcurrent protection duplicated on new transformer only.

43 Required for IEC61850 designs
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5 LV Switchboard Protection

When working with frame earth leakage switchboards the switchboard must be insulated from earth except
through the frame leakage CT neutral. This means that there must be insulation:

1) Between the switchboard and where it is mounted

2) Inthe cable terminations. Specifically the cable screen earth

Adding a new switchboard to a site with an existing frame earth switchboard will generally require running a
cable between the new switchboard and the existing switchboard. Because there will generally not be a CT
core available in the frame earth switchboard, the cable will not be included in a busbar scheme.

5.4.2.2.2 Type 1 Switchboard Installed at Outdoor Switchgear Sites
These standard switchboards are installed at brown field sites at the T1 or T3 positions.
5.4.2.2.2.1 Design Issues

1) Astaged CB fail trip is used to clear a busbar fault if a bus section circuit breaker fails to clear the fault.
This minimises the chances of blacking out the substation. The first CB fail trip is sent to the closest
existing transformer LV circuit breaker. If this fails to clear the fault, a second delayed CB fail trip is sent
to the other existing transformer LV circuit breaker. The total fault clearance time must be checked to
ensure it meets the Technical Rules requirements

2) Cable protection. A new CT is required on the existing busbar if the existing transformer LV protection
system does not meet the Technical Rules total fault clearance time for faults on the cable connecting
the new switchboard. The purpose of the CT is to include the cable in the new switchboard busbar
protection.

When the existing busbar is supplied via the new switchboard, a fault on the cable will be cleared by
the new switchboard busbar protection.

When the new switchboard is supplied via the existing busbars, faults on and downstream of the cable
will be cleared by the existing transformer LV protection system. Note that adding the new CT to the
existing busbar protection makes a cable fault a small zone fault. The transformer LV protection system
must therefore meet the Technical Rules CB Fail total fault clearance time.

Refer to Section 5.5.2.1 for the integration of these switchboards.
5.4.2.2.3 Type 2 Switchboard with 4 Bus Sections

These boards are used at brown field sites to connect a new transformer and new switchboard onto
existing outdoor busbars. A cable is run from a bus section to an end of the existing outdoor busbars. This
switchboard configuration has the following advantages:

1) If the new transformer is out of service, its load can be divided across the existing transformers. This is
important when an existing transformer is not rated to carry its load and the new switchboard load.

2) If either of the existing transformers is out of service, its load can be supplied by the new transformer.
5.4.2.2.3.1 Design issues

1) CB Fail. A staged CB fail trip is used to clear a busbar fault if a bus section circuit breaker fails to clear
the fault. This minimises the chances of blacking out the substation. The first CB fail trip is sent to the
closest existing transformer LV circuit breaker. If this fails to clear the fault, a second delayed CB fail trip
is sent to the other existing transformer LV circuit breaker. The total fault clearance time must be
checked to ensure it meets the Technical Rules requirements.
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5 LV Switchboard Protection

2) New CTs are required on the existing busbars if the existing transformer LV protection system does not
meet the Technical Rules total fault clearance time for faults on the cable connecting the new
switchboard. The purpose of the CTs is to include the cables in the new switchboard busbar protection.

When the existing busbar is supplied via the new switchboard, a fault on a cable will be cleared by the
new switchboard busbar protection.

When the new switchboard is supplied via an existing busbar, faults on and downstream of the cable
will be cleared by the existing transformer LV protection system. Note that adding the new CT to the
existing busbar protection makes a cable fault a small zone fault. The transformer LV protection system
must therefore meet the Technical Rules CB Fail total fault clearance time.

Refer to Section 5.5.2.2 for the integration of these switchboards.
5.4.2.2.4 Type 1 or 2 Switchboard with Feeder Circuit Rated as Incomer

These switchboards are typically used to supply a customer with a supply exceeding the standard feeder
circuit rating.

5.4.2.2.4.1 Design Issues

1) Cable protection. The cable going to the customer is generally considered a feeder. The protection
system includes standard IDMT overcurrent protection. The feeder settings must meet the
requirements specified in Section 9 — Feeder Protection.

The cable may be included in the switchboard busbar protection if:

a) The switchboard is dedicated to a single customer and loss of the entire switchboard is acceptable
to the customer

b) The customer CT is located close enough to the switchboard to allow it to be included in the
switchboard busbar protection system
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5 LV Switchboard Protection

132kV Busbar

A1 Bus Zone > 803.0
Input Signals Output Signals
502 CB Fail Trip 803.0 TC1
503 CB Fail Trip 502.0 TC2
504 CB Fail Trip 503.0 TC2 T1
505 CB Fail Trip 504.0 TC2 506
507 CB Fail Trip 506.0 TC1 803 CB Fail Initiate
508 CB Fail Trip 507.0 TC2 ( Output Signals
510 CB Fail Trip 508.0 TC2 506.0 A1 CB Fail Trip A2 Busbar
510.0 TC1 803.0 CB Fail Trip Stub
510 CB Fail Initiate 506.0 TC1
A1 Busbar Switchboard 1 P1  ~ ~ P2 y/
N A
% % % % 510.0
501 Station 502 503 504 505 507 508

Transformer Cap

502, 503, 504, 505, 507, 508

Input Signals
None

Output Signals
A1 CB Fail Trip

502.0, 503.0, 504.0, 505.0, 507.0, 508.0 TC2

awesternpowe

Cap Feeder Feeder Feeder Feeder

Note: The 510 bus section CT cores 2 & 3 are shorted and
earthed at stage 1. This includes the A2 busbar stub in the

A1 bus zone.

510

Input Signals

A1CB
Outpu
A1CB

Fail Inititiate
t Signals
Fail Trip

510.0 TC1
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502, 503, 504, 505, 507, 508

Input Signals
None

Output Signals
A1 CB Fail Trip

502.0, 503.0, 504.0, 505.0, 507.0, 508.0 TC2

28 westernpowe
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510

Input Signals

A1 CB Fail Initiate
A5 CB Fail Initiate
Output Signals
A1 CB Fail Trip

switchboard 2 from
the A1 bus zone.

804.4 806.4 132KV Busbar
A1 Bus Zone A5 Bus Zone
Input Signals Output Signals Input Signals  Output Signals
502 CB Fail Trip  803.0 TC1 534 CB Fail Trip  808.0 TC1
503 CB Fail Trip  502.0 TC2 803.0 809.0 535 CB Fail Trip  534.0 TC2 )
504 CB Fail Trip ~ 503.0 TC2 (803, 0 536 CBFail Trip 5350 T2 ’E’liOth-ghg B542
505 CB Fail Trip ~ 504.0 TC2 537 CB Fail Trip  536.0 TC2 Fail nfliate are
506 CB Fail Trip  505.0 TC2 538 CB Fail Trip  537.0 TC2 included at
507 CB Fail Trip  506.0 TC1 T T3  939CBFail Trip  538.0 TC1 stage 2 to
508 CB Fail Trip  507.0 TC2 506 540 CB Fail Trip  539.0 TC2 mingimise work
510 CB Fail Trip  508.0 TC2 . 538 542 CB Fail Trip  540.0 TC2 { stage 3
510.0 TC1 Input Slgn_als. ) Input Signals 5420 TC1 at stage
510 CB Fail Initiate ) 803 CB Fail Initiate 809 CB Fail Initiate 542 CB Fail Initiate
Output Signals i
Output Signals 510.0 TC1
506.0 A1 CB Fail Trip e 538.0 - o
fp A5 CB Fail Trip 510 CB Fail Initiate
803.0 CB Fail Trip 809.0 CB Fail Trip
506.0 TC1 538.0 TC1 _ Y
A1 Busbar Switchboard 1 Pl ~ o~ P2 A5 Busbar Switchboard 3 ~ ~ P2
N ' 5420 ~ N~ 1 | Note: The 542 bus
510.0 ; ' E section CT cores 2 &
H ¢ |3 are shorted and
AZSOE:S ' earthed at stage 2.
— — A1 Bus E — — This excludes the
501 Station 502 503 504 505 507 508 Zone 533 Staton 534 535 536 537 539 540 cable between
Transformer Cap Cap Feeder Feeder Feeder Feeder ! Transformer Cap Cap Feeder Feeder Feeder Feeder switchboard 1 and
E
.
.
.

Note: The cable connecting switchboard 1 and
switchboard 3 is included in the A5 bus zone.

542.0 TC1 CB Fail Trip
542 CB Fail Initiate
510.0 TC1

534, 535, 536, 537, 539, 540

Input Signals
None

Output Signals
A5 CB Fail Trip

534.0, 535.0, 536.0, 537.0, 538.0, 540.0 TC2

542

Input Signals

A5 CB Fail Initiate
Output Signals

542.0 TC1 CB Fail Trip
510.0 TC1
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804.4 132kV Bus 806.4
A1 Bus Zone 803.0 805.0 808.0 A5 Bus Zone
Input Signals Output Signals Input Signals Output Signals
502 CB Fail Trip ~ 803.0 TC1 534 CB Fail Trip  808.0 TC1
503 CB Fail Trip ~ 502.0 TC2 535 CB Fail Trip  534.0 TC2
504 CB Fail Trip ~ 503.0 TC2 T1 T2 538 T3 536 CB Fail Trip  535.0 TC2
505 CB Fail Trip ~ 504.0 TC2 506 521 out Sianals 537 CB Fail Trip  536.0 TC2
506 CB Fail Trip ~ 505.0 TC2 Input Signals Input Signals 80‘; op ga“ nitiate 538 CB Fail Trip  537.0 TC2
507 CB Fail Trip ~ 506.0 TC1 D 803 CB Fail Initiate 805 CB Fail Initiate 0 Outout Sianals ) 539 CB Fail Trip  538.0 TC1
508 CB Fail Trip ~ 507.0 TC2 Output Signals Output Signals pes gB Faii“m 540 CB Fail Trip  539.0 TC2
510 CB Fail Trip ~ 508.0 TC2 56 A1 CB Fail Trip A2-A3-A5 CB Fail Trip 521 0 809.0 CB Fail ‘%ri 538.0 542 CB Fail Trip  540.0 TC2
510.0 TC1 803.0 CB Fail Trip 805.0 CB Fail Trip 538.0 TC P 542.0 TC1
510 CB Fail Initiate 506.0 TC1 521.0 TC1 A2 Busbar ) 542 CB Fail Initiate
A1 Busbar Switchboard 1 Pl~ o~ P2 Stub AS Busbar Switchboard 3 PI~  ~ P2 A4 Busbar
™~ U U ; 5120 A &k | Stub
51V : ' \ :
(] (]
% ol A2-A3-A4 A1 Bus | A2 Cable A2-A3-A4 A5 Bus!
— Bus Zone  Zone | 533 = = O/C  BusZone Zone :
Sti%:)n 503 504 505 507 508 ] Staton 534 535 536 537 539 540 A4 Cable ;
Transformer ap Cap Feeder Feeder Feeder Feeder ; Switchboard 2 Transformer Cap  Cap Feeder Feeder Feeder Feeder \;E
i A2 Busbar 520.0 523.0 A4 Busbar '
502, 503, 504, 505, 507, 508 510 516, 517, 518 A3 Busbar
Input Signals Input Signals Input Signals 521 % |5|12:l’1t5§|69’,:§I7s |5n34l,1tsg?, ::Ii, 231, 39,540 f:zut Signals
None A1 CB Fail Initiate  None Input Signals None N 9 An OB Fail it
Output Signals Output Signals Output Signals 516 517 — None 52—5 526 527 Output Signals Outbut Sianals Output Sianals
A1 CB Fail Trip A1CBFail Trip A2 CB Fail Trip Fdr Fdr 518 Output Signals Fdr  Fdr o4 GB Fail Trip pes cI:OB Faif’Tri c 42% To 1908 -
502.0, 503.0, 504.0, 505.0, A2 CB Fail Trip 516.0, 517.0, 518.0 TC2 Cap A3 CB Fail Trip 525.0. 526.0, 527.0 TC2 534.0. 535.0 236 05370, 5100 To1 P
507.0, 508.0 TC2 510.0 TC1 521.0 T 9ER el 2380 2400 Ton :
A2-A3-A4 Bus Zone
Output Signals
510.0 TC1 805.0 TC1 525.0 TC2
510 CB Fail Inititiate  521.0 TC1 526.0 TC2
516.0 TC2 527.0 TC2
517.0 TC2 542.0 TC1
518.0 TC2 542 CB Fail Initiate
A2 CB Fail Trip Relay A3 CB Fail Trip Relay A4 CB Fail Trip Relay
Input Signals Output Signals Input Signals Output Signals Input Signals Output Signals
510.0 CB Fail Trip 510.0 TC1 521.0 CB Fail Trip 520.0 TC1 525.0 CB Fail Trip  523.0 TC1
516.0 CB Fail Trip 516.0 TC2 523.0 TC1 526.0 CB Fail Trip  525.0 TC2
517.0 CB Fail Trip 517.0 TC2 527.0 CB Fail Trip  526.0 TC2
518.0 CB Fail Trip 518.0 TC2 542.0 CB Fail Trip  527.0 TC2
520.0 TC1 542.0 TC1
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5 LV Switchboard Protection

5.5.2 Non-standard Design

5.5.2.1 Type 1 Switchboard Connected to Existing Busbar

804.4 806.4 132KV Busbar
A1 Bus Zone t_o t_o
Input Signals Output Signals
502 CB Fail Trip  803.0 TC1
503 CB Fail Trip  502.0 TC2 \) 803.0 \j 805.0 \j 809.0
504 CB Fail Trip  503.0 TC2
505 CB Fail Trip ~ 504.0 TC2

506 CB Fail Trip 505.0 TC2
507 CB Fail Trip 506.0 TC1 T1 T2
508 CB Fail Trip 507.0 TC2
510 CB Fail Trip 508.0 TC2

510.0 TC1
I 521.0 538.0
510 CB Fail Initiate C> Input Signals <> Input Signals
506.0 521-0\j Existing Signals 538-0\) Existing Signals
510 CB Fail Trip (stage 1) 510 CB Fail Trip (stage 2)
510 CB Fail Initiate (stage 1) 510 CB Fail Initiate (stage 2)
A1 Busbar Switchboard 1 Pl~ ~ P2 A2 Busbar (Existing) | A3 Busbar (Existing)

Note: Disconnector

T TS

Spare with no auxiliary
A1 Bus Feeder Feeder contacts to Feeder Feeder
501 Station 502 503 504 505 507 508 Zone condition CB Fail
Transformer Cap Cap Feeder Feeder Feeder Feeder Trip
Note: The existing T2 and T3 LV protection

510 system may not meet Technical Rules clearance

Input Signals time requirements for a fault on the cable

A1 CB Fail Inititiate connecting the A1 and A2 busbars. In this case

Output Signals the cable must be included in the A1 busbar

A1 CB Fail Trip protection system by adding a new CT on the

510.0 TC1 existing A2 busbar.

521.0 CB Fail Trip (stage 1)
521 CB Fail Initiate (stage 1)
538.0 CB Fail Trip (stage 2)
538 CB Fail Initiate (stage 2)
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5.5.2.2 Type 2 Switchboard Connected to Existing Busbars

—

contacts to condition

804.4 132kV Busbar 806.4
\7 803.0 \3 805.0 529 \7 809.0 530
Input Signals Input Signals
1 T2 A3 CB Fail Initiate T3 A5 CB Fail Initiate
(Existing) (Existing) ;Ug%u_f_ gignms (New) g;ot%u_f_ g;g nals
|5:6£ Sianals |521'(t’ Sianal A1 CB Fail Trip A3-A4-A5 CB Fail Trip
EXFi’Sﬁn QSi e é"?”t. '%’f‘a sl 521.0 TC1 CB Fail Trip (stage 1) 506.0 TC1 CB Fail Trip (stage 1)
D 510 CE‘;" Fa?l Trip (stage 1) D 5;"23 cI:ntF 'QI”T{".S e 1 521 CB Fail Initiate 506 CB Fail Initiate
! 11ip (stag ail Trip (stage 1) 538.0 TC1 CB Fail Trip (stage 2) 521.0 TC1 CB Fail Trip (stage 2)
506_0\J 530 CB Fail Initiate (stage 1) 521.0\7 522 CB Fail Initiate (stage 1) 538 CB Fail Initiate 538.0 521 CB Fail Initiate
522 CB Fail Trip (stage 2) 530 CB Fail Trip (stage 2) '
o 522 CB Fail Initiate (stage 2) 530 CB Fail Initiate (stage 2) 5990
A1 Busbar (Existing) A2 Busbar (Existing)| L A3Busbar 5250 5270 A5 Busbar 530.0
TC o ke A4 Busbar /)-O-O-O_E
|
|
|
Note: Disconnector A3-A4-AS 4 — :
Feeder |with no auxiliary Feeder Bus Zone Feeders Capacitors Capacitors Feeders |
|
|
|
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CB Fail Trip
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Note: The existing T1 and T2 LV protection
system may not meet Technical Rules clearance
time requirements for a fault on the cables
connecting the A1 and A2 busbars to the new
switchboard. In this case the cables must be
included in the A1 busbar protection system by
adding a new CT on the existing A1 and A2

A3-A4-A51
Bus Zone :
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6 Transformer Protection

6.1 Introduction

The purposes of this section are to:

1) Define at a high level the high level functional requirements for transformer protection

2) Capture information which explains the reasoning behind the transformer protection design and
settings

6.2 Scope

This section applies to transformer circuits within the Western Power transmission system. Protection of
transformers in the distribution system is not covered in this section.

6.3 Functional Requirements
The functional requirements for the transformer protection systems are:
1) Detect and clear faults in the transformer protection operating zone. Refer to Section 6.7.
2) Detect and clear faults within times specified by the Technical Rules.
3) Coordinate with upstream and downstream protection systems.
4) Provide backup for downstream protection systems.
5) Clear faults within the thermal limits of associated primary equipment.
6) The transformer protection system must take into account the following considerations:
a) Type of upstream and downstream protection systems
b) Fault levels
c¢) Transformer thermal rating
d) Distribution system fault rating

7) Itis not a purpose of the transformer protection systems to provide overload, over voltage or under
voltage protection for circuit breakers or conductors.

6.4 Transformer Protection

6.4.1 Introduction

The primary purpose of the transformer protection system is to minimise danger to personnel and loss of
supply by clearing faults on the transformer. Other purposes include control and monitoring to facilitate
operation of the transformer and to minimise damage to primary equipment.

Current distribution in transformers for various faults can be found in Section 18 — Transformer Sequence
Networks and Fault Curren.
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6 Transformer Protection

6.4.1.1 Terminal Station Transformers

Terminal station transformers are used to transform transmission voltages to other transmission voltages.
These are major transmission transformers with:

1. Primary and secondary windings connected to circuits operating at transmission
voltages

3. Adelta tertiary winding connected to a circuit operating at distribution voltages.

6.4.1.1.1 Voltage Levels
In Western Power’s network, terminal station transformers are used to couple the:

2. 330kVand 132 kV networks

3. 220kV and 132 kV networks

4. 132 kV and 66 kV networks

Autotransformers are typically used to couple networks where the voltage ratio is less than
3:1.

6.4.1.2 Zone Substation Transformers

Zone substation transformers are used to transform transmission voltages to distribution voltages. A
number of different winding configurations are used, depending on where they are utilised in the
transmission network.

6.4.1.2.1 Star - Delta with LV Earthing Transformer

The earthing transformers are used to allow LV earth fault currents to flow and to limit their magnitude.
There are two types of these transformers:

6.4.1.2.1.1 Single LV Winding

Single LV winding star — delta transformers are typically rated for 33 MVA and are used to transform
transmission voltages to distribution voltages. They are used in the South West country areas and
metropolitan areas, except the central business district (CBD).

There are two types of earthing transformers (ET):

1) High impedance earthing transformers are used to limit earth fault current to levels of approximately
900 amps at 22 kV. The impedance of the earthing transformer is of the order of 35 ohms / phase.

2) Low impedance earthing transformers limit the earth fault current to levels of approximately 4 — 5 kA at
22 kV. The impedance of the earthing transformer is of the order of 2.5 ohms / phase. Low impedance
earthing transformers are used in country zone substations for long feeders with single wire earth
return (SWER) loads.

6.4.1.2.1.2 Dual LV windings

Dual LV winding star — delta transformers whose HV winding is typically rated for 60 MVA. They transform
132 kV to 11 kV and are used in the CBD. High impedance earthing transformers are used to limit the earth
fault current.
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6 Transformer Protection

6.4.1.2.2 Star — Delta — Star (HV & LV Solidly Earthed)

These transformers consist of solidly earthed star connected primary and secondary windings and a delta
tertiary winding. These transformers have historically been used to couple 132 kV networks with the 66 kV
transmission networks in the metropolitan area. In terminal stations the delta tertiary winding is typically
22 kV and is brought out to provide a station supply.

These transformers are also used to step down transmission voltages of 132 kV or 66 kV to distribution
voltages of 22 kV or 11 kV in country areas. In zone substations the tertiary winding connections are not
brought out from the tank.

6.4.1.2.3 Star — Delta — Star (LV Solidly Earthed)

These transformers consist of a solidly earthed star connected secondary windings and a delta tertiary
winding. These transformers are typically used in the zone substations in country areas other than the
South West country area. They step down transmission voltages of 132 kV or 66 kV to distribution voltages
of 22 kV or 11 kV.

The delta tertiary winding is never loaded and is therefore always solidly earthed.

A solidly earthed neutral on the LV star winding causes LV earth fault currents to be larger than LV phase
fault currents (for 3 phase faults). This requires the distribution equipment to be rated to carry the higher
earth fault currents. This is acceptable at sites where these transformers are used because of the low earth
fault current level.

6.4.1.2.4 Delta - Star

Delta — star transformers have historically been used in zone substations in the metropolitan and South
West country areas to transform voltages from 66 kV to voltages of 22 kV, 11 kV or 6.6 kV.

A solidly earthed neutral on the LV star winding causes LV earth fault currents to be larger than LV phase
fault currents (for 3 phase faults). This requires the distribution equipment to be rated to carry the higher
earth fault currents. This is acceptable at sites where these transformers are used because of the low earth
fault current level due to long feeders.

6.4.1.2.5 Star - Star with LV Earthing Transformer

These transformers have been historically used to transform voltages of 132 kV or 66 kV to 33 kV, 22 kV or
6.6 kV. The HV neutral may be solidly earthed depending on site specific requirements.

The LV earthing transformer is used to limit earth fault current magnitude. The earthing transformer also
results in a 2:1:1 split in the zero sequence currents in the LV winding. Reducing the fault current to 2/3
reduces stress on the transformer for earth faults to 4/9.

6.4.1.2.6 Earthing Transformers
Earthing transformers are used to:

1) Supply zero sequence currents to unearthed star and delta systems. When used in unearthed star
system, the fault current in the faulted phase is reduced to 2/3 x 3lp compared to a solidly earthed star.
This reduces the mechanical forces to 4/9 compared to a solidly earthed star (i.e. mechanical forces
reduced by 55%). Refer to Section 18 — Transformer Sequence Networks and Fault Currents.

2) Regulate earth fault current on the distribution system. Western Power’s standard 22 kV earthing
transformer is designed to deliver a nominal 900 A fault current (300 A / phase). Refer to section 6.11.
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6 Transformer Protection

3) Provide an effectively earthed system. Under normal conditions the phase — neutral voltages of a delta
system are balanced. Under earth fault conditions, the neutral point will shift towards the faulted
phase. For a system to be effectively earthed the phase — neutral voltage of the healthy phases must
remain within 10% of nominal.

4) During earth fault conditions on long rural feeders the impedance of the faulted phase is significant.
The magnitude of the neutral shift is the product of the fault current and the zero sequence impedance
between the fault and the source. This includes the impedance of the earthing transformer. The zero
sequence impedance can cause the neutral point to be shifted by more than 10%. Low impedance
earthing transformers reduce the overall zero sequence impedance, keeping the phase — neutral
voltage within 10% of nominal under earth fault conditions. Refer to Figure 6.1 below.

Figure 6.1 — Neutral point shifted under fault conditions

A A A

Locus of N’
(effectively earthed)

O

B C B (¢}
Non Faulted Condition Earth Fault Condition Earth Fault Condition
AV =0.1 Van Non Effective Earth Effective Earth

6.4.2 Design Requirements

Section 6.5 outlines the design requirements for standard functions.

6.4.2.1 Main Protection System

The operating zone of the main protection system is defined by the current transformers on each winding.
Each main protection scheme must be able to protect the transformer with the other main protection
scheme out of service. Alarms should be brought back via the alternate protection scheme.

Table 6.1 and Table 6.2 summarise the functions required for each of the main protections schemes at
green field sites. The requirements for brownfield applications are outlined in section 6.8.

Table 6.1 — Green field terminal station transformer main protection schemes

Main Protection Scheme 1 ‘ Main Protection Scheme 2

Biased Differential Biased Differential
Instantaneous Differential Instantaneous Differential
HV IDMT Overcurrent HV IDMT Overcurrent

LV IDMT Overcurrent LV IDMT Overcurrent
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6 Transformer Protection

TV IDMT Overcurrent #

TV IDMT Overcurrent #

HV Instantaneous Overcurrent

HV Instantaneous Overcurrent

LV Instantaneous Overcurrent

LV Instantaneous Overcurrent

TV Instantaneous Overcurrent #*

TV Instantaneous Overcurrent #*

Combined HV/LV REF #°

Combined HV/LV REF %

TV (Restricted) Earth Fault %

TV (Restricted) Earth Fault #

Earthing Transformer REF ¢

HV REF ¥/

HV REF ¥/

LV REF ¥

LV REF ¥

TV Standby Earth Fault #*

TV Standby Earth Fault #

Buchholz

Main Tank Pressure

Tap Changer Pressure

Oil Temperature

HV Winding Temperature

LV Winding Temperature

Earthing Transformer Pressure %

TV Winding Temperature

Table 6.2 — Green field zone substation transformer main protection schemes

Main Protection Scheme 1 Main Protection Scheme 2

Biased Differential

Biased Differential

Instantaneous Differential

Instantaneous Differential

HV IDMT Overcurrent

HV IDMT Overcurrent

HV Instantaneous Overcurrent

HV Instantaneous Overcurrent

LV IDMT Overcurrent

LV IDMT Overcurrent

LV IDMT Earth Fault

LV IDMT Earth Fault

LV Standby Earth Fault

LV Standby Earth Fault

TV IDMT Earth Fault

HV Restricted Earth Fault

HV Restricted Earth Fault

44 Required when the transformer has a loaded tertiary

4> Required for autotransformers only

46 Required when an autotransformer has an earthing transformer (ET) on the tertiary winding

47 Required for non-autotransformers

48 Required when the transformer has a loaded tertiary
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6 Transformer Protection

LV Restricted Earth Fault LV Restricted Earth Fault

TV Restricted Earth Fault *®

Buchholz Main Tank Pressure

Tap Changer Buchholz

49

Earthing Transformer Pressure Oil Temperature

6.4.2.2 Backup Protection System

Western Power’s preference is for duplicated circuit breaker failure schemes at all transmission voltages to:
1) To meet local total fault clearance time requirement

2) Allow the system to be reconfigured in the future without affecting the backup protection system

3) Minimise risk of blacking out a terminal station for a remote backup operation

6.4.2.3 Residual Current

Residual current measurement of the phase CTs using a separate element in the protection relay is
required. The reason for this requirement is so the actual system imbalance is measured by the protection
element.

6.4.2.4 Relay Reset Requirements

A transformer protection device that trips for transformer faults shall:
1) Latch

2) Retain its state when powered down.

A transformer protection device that trips for system faults must be self resetting.

6.4.2.5 Tertiary Winding

Protection on the tertiary delta winding is only required if the winding connections are brought out from
the tank. The tertiary winding provides flux equalization and connection to the zero sequence bus. It may
also be used to provide station supplies or connection of reactive power compensation.

The core and tank of a transformer are earthed. If the tertiary winding is not earthed, vibration of the
tertiary winding insulation can cause a build up of static electricity resulting in a flashover. To keep the
tertiary winding and core at the same potential and prevent a flashover the tertiary winding must be
earthed. The earth connection can be provided by:

1) If an external circuit is connected to the tertiary winding the external circuit will provide the earth
connection.

2) When the tertiary winding connections are not brought out from the tank the earth must be connected
above the neutral of the CT on the highest voltage winding providing restricted earth fault protection.
This provides protection for earth faults on the tertiary winding by the restricted earth fault protection.

49 Required when the transformer has an LV earthing transformer (ET)
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6 Transformer Protection

The tertiary winding may be supplied with a link. Removing this link opens the delta and removes the
tertiary winding zero sequence impedance from the sequence network. This reduces the zero sequence
currents on the LV winding.

6.4.2.5.1 Tank Delta

In addition to the tertiary winding, zero sequence flux also flows between the core and the transformer
tank. This effectively forms a tank delta zero sequence impedance which is in parallel with the tertiary
winding zero sequence impedance. The tank delta zero sequence impedance is typically 75% to 300% on
the transformer rating (e.g. 7.5 per unit to 30 per unit on for a 10 MVA transformer). Because of the tank
delta, zero sequence currents can flow in the LV winding even when a tertiary winding is not present.

6.4.2.6 Effective Restricted Earth Fault

Restricted earth fault is a form of unit protection. A similar degree of protection can be provided in a non-
unit form termed ‘effective restricted earth fault protection’. A set of residually connected CTs is required
to provide transformer HV restricted earth fault protection on the following transformers:

1) HV neutral not earthed
2) HV delta winding

With no earth connection on the winding, earth fault current can only be present if there is an earth fault
on the winding. The earth fault protection is therefore restricted to the HV winding.

6.4.2.7 Control

Grid Transformation Planning Engineers are responsible for determining appropriate automatic voltage
regulation (AVR) settings. The AVR operation time delay is typically different between Terminal Station and
Zone Substation transformers, to ensure appropriate AVR coordination and network voltage management.

6.4.2.7.1 Zone Substation Transformers
A typical AVR operation time delay setting for Zone Substation Transformers is 60 s.
6.4.2.7.2 Transmission System Transformers

A typical transmission AVR time delay setting is 40 s. It is important that the transmission transformer AVR
time delay is less than the distribution transformer time delay. This allows a single terminal station
transformer to regulate a voltage excursion on the transmission system rather than multiple zone
substation transformers changing taps.

6.4.3 Main Protection System Standard Functions

Standard functions are provided on all transformer circuits to assist with standardisation of protection
design and setting files.

6.4.3.1 Biased Differential

The purpose of biased differential is to detect and clear internal faults within the operating zone while
remaining stable for external faults. Biased differential is a form of unit protection and is standard on all
transformers connected to the transmission system. This ensures that the Technical Rules total fault
clearance times can be met in all situations.

Biased differential protection is inherently insensitive in order to allow for:
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6 Transformer Protection

1) Tap changing

2) Zero-sequence currents in the transformer windings do not sum to zero they have to be eliminated in
order for electromechanical differential scheme to balance.

Bias differential schemes are therefore at best insensitive to earth faults.
6.4.3.1.1 Differential Characteristic

The purpose of the differential characteristic is to define the ratios of differential current to restraint
current that will cause the relay to operate or restrain. The differential characteristic is based on
differential restraint ratios for the transformer winding currents during various current flow conditions such
as no load, normal operation and through faults.

During normal operation of the transformer, which can include external faults, apparent differential current
can arise for the following reasons:

1) CTerror current due to errors and saturation

2) Matching error current due to tap changer movement away from the principal tap
3) Magnetisation current

4) Inrush current

The differential characteristic settings can be used to configure the differential characteristic as required
and as shown in Figure 6.2.

Figure 6.2 — Typical differential characteristic settings *°

Break 2
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Break 1
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The protection design engineer can control the shape of the differential characteristic by choosing settings
for pickup, slopes 1 & 2 and breaks 1 & 2.

The settings are selected to meet the following requirements:

50 Siemens PTD EA — Applications for SIPROTEC Protection Relays 2005 Fig 8
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6 Transformer Protection

1) Pickup: This setting provides restraint at very low load, or very low through fault conditions against
apparent differential current caused by:

a) Magnetisation current of the protected transformer.

b) Steady state CT errors.

c) Tap changer movement away from the principal tap position.
A setting of 0.20 per unit has been used in the past with success.

2) Slope 1: This setting determines the slope of the characteristic between the points at which slope 1
intersects the pickup and break 1. This section of the characteristic is intended to provide differential
restraint during normal operating conditions. This includes the absence of close by faults or events
causing CT saturation. The setting provides restraint against differential current caused by:

a) Magnetisation current of the protected transformer.

b) Steady state CT errors.

c) Tap changer movement away from the principal tap position.
d) Low, but offset fault currents arising from out of zone faults.
The setting must allow detection of minimum internal faults.

A slope based on twice the worst apparent differential current arising from tap changer movement has
been used successfully in the past.

3) Break 1: The settings for break 1 and break 2 depend on the capability of CTs to correctly transform
primary currents into secondary currents during external faults. The setting for break 1 is based on the
maximum load current of the transformer. Any differential current greater than the full load current
must be due to something other than tap changer movement. Break 1 is the point at which the relay
calculates and introduces further restraint as part of the differential characteristic.

4) Break 2: During through fault conditions, the CTs will begin to saturate due to AC components alone.
The setting for break 2 corresponds to the current at which the CT with the lowest knee point begins to
saturate.

5) Slope 2: This setting determines the slope of the differential characteristic above break 2. This section
of the differential characteristic provides restraint during heavy through fault conditions, where CT
saturation results in high differential current. Slope 2 should be set to cater for the worst case where
one set of CTs saturates but the other set does not. In such a case the ratio of the differential current to
restraint current can be as high as 95% to 98%.

6.4.3.2 Inrush Inhibit

The purpose of inrush inhibit is to restrain the bias differential function during inrush conditions. The
traditional method on providing restraint against magnetising inrush current is based on second harmonics.
Restraint is provided when the ratio of the second harmonic to the fundamental component of the inrush
current exceeds the inrush inhibit level setting. The setting must be exceeded on 2 of the 3 phases of the
HV contribution to the differential relay. A setting of 15% to 20% (depending on the relay used) has been
used successfully in the past.

Cross blocking, which allows the second harmonic in any one phase to be used as a restraint quantity in any
other phase, is always used.
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6 Transformer Protection

Inrush inhibit is a standard function in all transformer main protection system relays that provide biased
differential protection.

6.4.3.3 Over Excitation Inhibit

The purpose of over excitation inhibit is to restrain the bias differential function during over fluxing
conditions. During over fluxing conditions fifth harmonics would otherwise cause the differential function
to operate. Blocking is done on a per phase basis. The blocking will be effective for the entire length of time
that sufficient 5th harmonics are present to cause the blocking to assert. It is reasonable to enable the
function if:

1) The application includes over fluxing protection, or

2) The transformer is not likely to be subjected to over excitation which may be caused by load rejection,
or

3) The transformer is not fed via long radial line which is possibly subject to the Ferranti effect
A setting of 30% has been used successfully in the past.

Over excitation inhibit is a standard function in all transformer main protection relays that provide bias
differential protection.

6.4.3.4 Instantaneous Differential

The purpose of instantaneous differential is to detect and clear faults on the transformer HV bushings and
associated winding ends. This function responds to differential current and does not have any bias or
harmonic restraint. It therefore operates faster than the differential element. Instantaneous differential is
standard on all transformers.

The pickup settings are selected to meet the following requirements:
1) Lower limit:

a) Itisstandard practice to set elements to 1.3 x maximum fault level at the LV busbar. This setting
provides as much protection for the transformer windings as possible, while not responding to LV
busbar faults. The 1.3 x factor allows for off nominal tap positions of the transformer, errors in the
relay, CT errors, plus a safety margin.

2) Upper limit: The upper limit is calculated from:
a) Allowance for relay errors.
b) Sensitive enough to detect all faults on the HV Post CTs and HV transformer bushings
3) If the lower limit exceeds, the upper limit the following procedure is followed:
a) The lower limit LV busbar fault level is based on the minimum HV plant fault rating
b) The lower limit pickup can be made large enough to avoid operation for:

i) Inrush. Inrush current depends on several factors, including point of wave of switching,
remnant core flux and source impedance.

ii) Through fault conditions. Allowance for through fault conditions involves considerations such
as fault levels, CT saturation and tap changer movement away from the principal tap.
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6 Transformer Protection

Saturation of one set of CTs (HV, or LV) is highly unlikely. The 1.3 factor used in the lower limit
calculation can be decreased however impact on security must be examined.

These constraints limit the operating zone to the transformer HV bushings and associated winding
ends.

If the lower limit still exceeds the upper, then an alternative form of protection must be considered.

6.4.3.5 Inverse Definite Minimum Time Overcurrent

The purpose of inverse definite minimum time (IDMT) overcurrent is to detect and clear 3 phase faults.
IDMT overcurrent may also respond to faults involving heavy unbalance and/or earth faults.

IDMT overcurrent functions are provided as a standard function on all transformers.
6.4.3.5.1 Autotransformers

For a 3 winding autotransformer is it beneficial to provide each winding with IDMT overcurrent protection.
In general, such protection will be set to satisfy the following objectives:

1) Allow continuous operation of the associated winding at its long time emergency rating (LTER).

2) Provide backup for the faster transformer protective functions such as biased differential, restricted
earth fault and instantaneous overcurrent for faults within the transformer.

3) Provide as much backup protection for external faults as possible. Because the lower limit of the pickup
is the LTER of the winding, backup for external faults is usually not possible.

4) Provide adequate thermal protection for the associated winding in the range of current between the
winding LTER and the maximum expected through fault current.

5) Coordinate with adjacent time delayed protection.

Objectives 1, 2 and 3 influence the choice of pickup, but will conflict if the minimum fault levels are less
than the LTER. Objectives 4 & 5 influence the choice of time multiplier setting, but will conflict if the
thermal withstand time of the winding at the maximum through fault level is less than the operating time
of adjacent time delayed protection.

6.4.3.5.1.1 HV IDMT Overcurrent
The settings are selected to meet the following requirements:
1) Pickups determined by the following:

a) Lower Limit: The lower limit is calculated from:

i) The LTER of the HV winding. This may result in a pickup that will not detect faults on the
tertiary winding. It will therefore not provide backup for the bias differential function for
internal faults or other functions for external faults. If the only load on the tertiary supply is the
earthing transformer, the pickup can be based on the sum of the LTER of the earthing
transformer and LV winding. While faults on the tertiary may still not be detected, this will
provide better sensitivity.

ii) Allowance for relay errors.

iii) CT errors are small and complex. Upper limit: Must meet Western Power’s sensitivity
requirements.
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6 Transformer Protection

2) The time multiplier setting (TMS) must:
a) Coordinate with associated time delayed protection such as CB failure and zone 2 clearance times

b) Detect and clear a bolted three phase fault between the LV winding and LV bushing CTs within the
thermal limits of the HV winding.

A setting of 70% of the thermal withstand time of the HV winding has been used successfully in the
past.

6.4.3.5.1.2 LV IDMT Overcurrent
The settings are selected to meet the following requirements:
1) Pickups determined by the following:

a) Lower Limit: The lower limit is calculated from:

i) The LTER of the LV winding. This will result in a pickup that will not detect faults on the tertiary
winding. It will therefore not provide backup for the bias differential function for internal faults
or other functions for external faults.

ii) Allowance for relay errors.

iii) CT errors are small and complex. Upper limit: Must meet Western Power’s sensitivity
requirements.

2) The time multiplier setting (TMS) must:
a) Coordinate with associated time delayed protection such as CB failure and zone 2 clearance times

b) Clear a bolted three phase fault between the HV winding and HV bushing CTs within the thermal
limits of the LV winding.

A setting of 70% of the thermal withstand time of the LV winding has been used successfully in the
past.

6.4.3.5.1.3 TV IDMT Overcurrent
The settings are selected to meet the following requirements:
1) Pickups determined by the following:

a) Lower Limit: The lower limit is calculated from:

i) The LTER of the TV winding. If the only load on the tertiary is the station supply, then the
pickup can be based on the LTER of the earthing transformer. This pickup will detect all
relevant faults on the tertiary and 440 V systems.

ii) Allowance for relay errors.

iii) CT errors are small and complex. Upper limit: Must meet Western Power’s sensitivity
requirements.

2) The time multiplier setting (TMS) must:

a) Clear a bolted three phase fault between the 440 V winding of the earthing transformer and the
440V fuses within the thermal limits of the earthing transformer.
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6 Transformer Protection

6.4.3.5.2 Zone substation Transformers

6.4.3.5.2.1 LV IDMT Overcurrent

When LV IDMT overcurrent can provide the feeder second protection system, the operating zone extends
from the transformer LV CT to the first feeder recloser. When the LV IDMT overcurrent does not provide
the feeder second protection system, the operating zone extends to the busbar CTs.

LV IDMT overcurrent is a standard function on all zone substation transformers. The settings are selected to
meet the following requirements:

1) Pickup determined by the following:
a) Lower Limit: The lower limit is calculated from:

i) The minimum of the LTER of the transformer or rating of Primary Equipment associated with
the transformer.

ii) Allowance for relay errors.

iii) CT errors are small and complex. Upper limit: Must meet Western Power’s sensitivity
requirements.

2) The time multiplier setting (TMS) must:
a) Allow the slowest LV protection systems to grade with the transformer protection systems

b) Allow the HV and LV IDMT overcurrent functions to clear a bolted three phase fault on the LV
busbar without exceeding the thermal limits of the transformer.

6.4.3.5.2.2 HV IDMT Overcurrent

The HV and LV IDMT overcurrent elements are set without deliberately providing a grading step across the
transformer. This allows the short term load rating of the transformer to be carried without tripping. The
short term rating can be up to 150% of the continuous rating of the transformer.

HV IDMT overcurrent is a standard function in all main protection 2 relays.
6.4.3.5.2.3 TV IDMT Overcurrent

TV IDMT overcurrent is a standard function on transformers with loaded tertiary windings. It is supplied
from the tertiary winding bushing CTs.

The settings are selected to meet the following requirements:
1) Pickups determined by the following:
a) Lower Limit: The lower limit is calculated from:

i) The minimum of the LTER of the tertiary winding or rating of Primary Equipment associated
with the transformer.

ii) Allowance for relay errors.

iii) CT errors are small and complex. Upper limit: Must meet Western Power’s sensitivity
requirements.

2) The time multiplier setting (TMS) must:
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6 Transformer Protection

a) Allow the slowest TV protection systems to grade

b) Allow the TV IDMT overcurrent functions to clear a bolted three phase fault on the TV bushing
without exceeding the thermal limits of the TV winding.

6.4.3.6 HYV Instantaneous Overcurrent

The purpose of HV instantaneous overcurrent is to quickly detect and clear faults on the associated
bushings and windings.

Instantaneous overcurrent is standard function for all windings on all transformers.

The instantaneous overcurrent function pickups are set to 1.3 x the maximum through fault current.The
factor of 1.3 prevents operation for faults on associated busbars.

6.4.3.7 Transformer LV Paralleling Overcurrent

Transformer paralleling overcurrent is provided on the LV of zone substation transformers. The purpose of
the transformer paralleling overcurrent (TPO) function is to allow paralleling of transformers without
damaging distribution equipment. When transformers are operated in parallel the fault level may exceed
the rating of the distribution equipment. The two types of TPO functions are the:

1) Feeder TPO function which has no deliberate time delay. A loss of discrimination with downstream
reclosers is considered to be acceptable when transformers are paralleled. The feeder TPO function is
comprised of an independent instantaneous overcurrent element. The feeder TPO is provided by the
feeder main protection system.

2) Transformer TPO function is time delayed by 150 ms to allow the feeder TPO to operate first for feeder
faults. The transformer TPO element is comprised of an independent definite time overcurrent
element.

6.4.3.7.1 Standard Settings

1) Transformer. At 22 kV the standard feeder setting of 3 kA is divided equally between two parallel
transformers resulting in a standard pickup setting of 1.5 kA.

Transformer TPO a standard function in all zone substation main protection 1 relays.

6.4.3.8 Earth Fault

The purpose of earth fault protection is to detect and clear faults involving earth.

6.4.3.8.1 Restricted Earth Fault

Restricted earth fault (REF) for all windings is a standard function in main protection 1 relays.

REF schemes detect and clear faults on a single winding (i.e. HV, LV or TV). REF schemes are therefore
impervious to tap changing and can be set very sensitive to detect earth faults.

Earth faults are the most common fault on transformers. The construction of a transformer is such that the
incoming conductors and the windings of each phase are surrounded by earthed objects (the core and
tank). When the HV and LV current transformers are external to the tank, the bushings, core and tank are
within the REF zone of operation. The restricted earth fault zone of operation depends on the type of
winding and its earthing. Table 6.3 below describes these operating zones. Refer to Section 6.12.
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Table 6.3 — Restricted earth fault operating zones

Winding Type Operating zone

Autotransformer  combined  HV/LV|The operating zone is defined by the HV winding phase CTs, LV
restricted earth fault winding phase CTs and autotransformer neutral CT

Autotransformer earthing transformer | The operating zone is defined by the delta winding phase CTs and the

restricted earth fault earthing transformer neutral CT

Star winding with a solid earth The operating zone is defined by the neutral phase CTs and the star
winding CT

Delta or unearthed star winding with an | The operating zone is defined by the earthing transformer neutral CT

earthing transformer and the delta or star winding CTs

Unearthed HV delta or star winding The operating zone is defined by the unearthed HV winding and the
phase CTs

Combined HV / LV restricted earth fault and earthing transformer restricted earth fault are provided as
standard functions on all auto transformers.

HV restricted earth fault and LV restricted earth fault are provided as standard functions on all zone
substation transformers.

The settings are selected to meet the following requirements:
1) Pickups determined by the following:
a) Lower Limit: The lower limit is calculated from:
i) Must be stable for through faults
ii) Allowance for relay errors.

iii) CT errors are small and complex. Upper limit: Must meet Western Power’s sensitivity
requirements.

6.4.3.8.2 Standby Earth Fault

Standby earth fault (SBEF) provides LV system backup protection. The standby earth fault CT is located on
the single earth connection to the circuit it is protecting. This could be:

1) The neutral of an earthing transformer connected to:
a) The tertiary of an autotransformer
b) The LV of star — delta transformers
c) The LV of star — star transformer (LV unearthed)
2) The solidly earthed neutral of an LV star winding

The standby earth fault operating zone is therefore the associated star or delta winding and downstream
circuits. For the case of an earthing transformer, SBEF will provide protection for earth faults within the
earthing transformer.
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6 Transformer Protection

6.4.3.8.2.1 Autotransformer

TV standby earth fault is provided as a standard protection 2 function on the autotransformer tertiary
winding. When the only load on the tertiary winding is the station supply the following standard settings are
applied:

1) Pickup = 0.1 per unit

2) TM=0.05

6.4.3.8.2.2 Zone substation

LV standby earth fault is provided as a standard function on all zone substation transformers.

1) When the standby earth fault CT is on the neutral of a high impedance earthing transformer the
following settings apply:

a) Pickup =90 amps
b) TM=1.00

This standard setting has sufficient margin with downstream protection to allow relay and CT errors to
be neglected.

2) When the standby earth fault CT is on the neutral of a low impedance earthing transformer the settings
are site specific. The low impedance earthing transformers are typically used at country sites with
SWER loads. The settings are chosen to protect the thermal rating of the power transformer and meet
Western Power’s sensitivity requirements.

6.4.3.8.3 LV IDMT Earth Fault

When LV IDMT earth fault provides the feeder second protection system the operating zone extends from
the transformer LV CT to the first feeder recloser. When the LV IDMT overcurrent does not provide the
feeder second protection system the operating zone extends to the busbar CTs.

LV IDMT earth fault is a standard function in all zone substation main protection relays.
The following settings are standard on metropolitan zone substation transformers:

1) Pickup =72 amps

2) TM=0.80

Settings for country transformers, which often have solidly earthed neutrals, are site specific and are
selected to meet the following requirements:

1) Pickup determined by the following:
a) Lower Limit: The lower limit is calculated from:
i) The pickup must be greater than the down stream protection pickups
ii) Allowance for relay errors.

iii) CT errors are small and complex. Upper limit: Must meet Western Power’s sensitivity
requirements.

2) The time multiplier setting (TMS) must:
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6 Transformer Protection

a) Allow the slowest downstream LV protection system to grade with the transformer protection
systems

b) Allow LV IDMT earth fault function to clear a bolted single phase fault without exceeding the
thermal limits of the transformer.

6.4.3.9 Negative Phase Sequence

The purpose of negative phase sequence (NPS) is to detect and clear unbalanced fault conditions which do
not necessarily involve earth. The NPS elements do not respond to balanced load so they can be set more
sensitively than overcurrent elements.

Negative phase sequence is a standard function in all main protection relays.

The NPS function is a combination of an inverse curve and a definite time (DT) function. The definite time
function is set to 2.4 seconds which is therefore the fastest the transformer NPS will clear a fault. The 2.4
second operating time allows the feeder NPS to operate first.

The settings are selected to meet the following requirements:
1) The inverse time and definite time pickups are determined by the following limits:
a) Lower limit: The lower limit is calculated from:

i) If all the feeders are provided with the NPS then the pickup of the transformer NPS must not
pickup before any feeder NPS picks up. If any feeder is not provided with NPS, then the
transformer NPS must not pickup before the slowest feeder phase IDMT overcurrent element.

ii) The transformer NPS must not pick up for any summated unbalance currents amongst the
feeders normally fed from the busbar. Such imbalance may be due to a lack of transposition on
the feeder or insulator leakage current.

iii) Allowance for relay errors.

iv) CT errors are small and complex. Upper limit: Must meet Western Power’s sensitivity
requirements.

2) The transformer NPS function must grade with the feeder NPS function at the point where the NPS
definite time section intersects with the NPS inverse curve section. This assures grading between the
two characteristics at all fault levels. The definite time delay of the curves must therefore be specified
before computing the time multiplier of the inverse part of the curve. The standard definite time delays
are:

a) 2seconds for the feeder

b) 2.4 seconds for the transformer
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Figure 6.3 — Negative Phase Sequence Grading
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6.4.3.10 LV Switch On To Fault

The purpose of switch on to fault (SOTF) is to clear fault current caused by closing the associated circuit
breaker onto a set of working earths. The working earths would normally be applied to or very near the
busbar.

Switch on to fault is a standard function in all transformer LV main protection relays.

SOTF comprises a single phase instantaneous overcurrent element and associated logic. SOTF can be
summarised as follows:

1) The SOTF function shall be “armed” when the circuit breaker has been opened and the standard SOTF
enable time of 60 seconds has elapsed. The circuit breaker is determined to be open when:

a) Currentis below a set level in all phases and
b) The circuit breaker auxiliary contacts indicate that the circuit breaker is open

2) The SOTF function shall be "disarmed" when the circuit breaker has been closed and the standard SOTF
duration time of 0.6 seconds has elapsed. The circuit breaker is determined to be closed when:

a) Currentis above a set level in at least one phase or
b) The circuit breaker auxiliary contacts indicate that the circuit breaker is closed

3) SOTF shall be voltage restrained unless a VT is not available. Restraint for load inrush conditions and VT
failure is provided by a voltage element. Restraint for VT failure is provided by logic.
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6 Transformer Protection

6.4.3.10.1 SOTF Settings
The SOTF settings are selected to meet the following requirements:
1) Pickups are determined by the following limits:

a) The lower limit of the setting is calculated from:

i) 1.5 xtransformer LTER. This allows for motor starting currents, inrush and charging currents
following outage of a long feeder.

ii) A margin. The SOTF margin ensures that the pickup of SOTF is above the maximum intended
steady state load. This avoids the sequential event buffer being filled with uninteresting
changes.

iii) Relay errors.

In practice, a small setting may be acceptable if a very secure restraint for cold load inrush and VT
failure conditions is possible °Z.

b) Upper limit: Must meet Western Power’s sensitivity requirements.

2) Phase under voltage pickup. All phase voltages must be below this setting for the phase under voltage
function to pickup. The phase under voltage pickup should be:

a) Above a lower boundary just above zero. The lower the setting of pickup, the less effective the
SOTF function will be. If the pickup is set close to zero, only earths placed close to the busbar would
cause SOTF to operate.

b) Below an upper boundary defined by the voltage sag caused by energising a load.

c) Astandard setting of 40% of the nominal operating voltage has been used with success. This
setting:

i) Permits working earths within the radius of interest to be detected
ii) Differentiates between load inrush current and fault current caused by working earths

3) Atime delay before SOTF is armed is required when the VT used for SOTF restraint is energised by
closing the circuit breaker. The time delay must be sufficient to allow the protection relay time to
measure voltage and restrain SOTF. Without the time delay the SOTF function could incorrectly operate
for inrush.

6.4.3.11 Transformer Mechanical Trips

Transformer mechanical trips are brought through the protection relay for the purposes of ensuring that all
transformer trips originate from the protection relay. This has the following benefits:

1) Local flagging for mechanical trips does not require separate flagging relays

2) The dynamic disturbance recorder can compare mechanical trips with the operation of relay functions

51 Historically when voltage restraint was not used a SOTF allowance factor of 3 was used to allow for cold load inrush. A factor up to 6 would have
been used if loads were known to draw large inrushes. Unrestrained SOTF operations have been experienced at settings based on 150% of
maximum load.
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6 Transformer Protection

Mechanical trips depend on the type and manufacturer of the transformer. The mechanical trips must be
arranged to compliment each other (e.g. the HV winding temperature trip must be included in the alternate
protection scheme from the LV winding temperature).

The zone substation transformer HV winding temperature is used for alarming only. It is not used to trip the
transformer.

6.4.3.12 Circuit Breaker Failure

The purpose of circuit breaker failure (CB Fail) is to detect when the tripping of a circuit breaker fails to
clear its contribution to a fault. This can be caused either by the circuit breaker failing to open or by a small
zone fault.

Refer to Section 8 — Circuit Breaker Protection for a detailed description of CB Fail.

6.4.3.13 Local Metering

Local metering is a standard function in all main protection relays. Refer to Engineering Design Instruction —
Substation Secondary Systems Design for local metering requirements.

6.4.3.14 Remote Metering

Remote metering is a standard function in one main protection relay. Refer to Engineering Design
Instruction — Substation Secondary Systems Design for remote metering requirements.

6.4.3.15 Circuit Breaker Wear Monitoring

The purpose of the circuit breaker wear function is to assist in the scheduling of circuit breaker
maintenance. Refer to Section 8 — Circuit Breaker Protection for more information.

6.4.3.16 Trip Circuit Supervision

The purpose of trip circuit supervision (TCS) is to supervise the integrity of the circuit breaker trip coil. The
trip coil is supervised when in both the open and closed state. TCS also supervises the integrity of some of
the associated secondary wiring

Refer to Engineering Design Instruction — Substation Secondary Systems Design for a detailed description
of TCS.

6.4.3.17 Dynamic Disturbance Recorder

The dynamic disturbance recorder (DDR) must be configured so that the recorder captures the:
1) Pre fault waveforms.

2) Post fault waveforms which include circuit breaker failure operations.

3) Post fault waveforms which include clearance by downstream devices within the main protection
system operating zone.

Dynamic disturbance recording is a standard function in all main protection relays.
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6 Transformer Protection

6.4.3.18 Sequence of Events Recorder

The sequence of events recorder (SER) monitors what occurs within the relay during both normal operation
and faults. When the SER is triggered, a record is created of these events. A protection trip must trigger the
SER.

To simplify the event record and minimise the chance of the relay failing, the following guidelines should be
followed when choosing what is to appear in the SER:

1) Do not include word bit outputs of directional elements

2) Do not include word bits that may change state frequently under normal conditions, or near the edge
of such conditions

Sequence of event recording is a standard function in all main protection relays.

6.4.3.19 Time Synchronisation

The protection relays must be configured to receive the Irig B time code or the SNTP time signal when
available. The Irig B clock and the SNTP server provide accurate time stamping for fault events. Irig B is
more accurate and preferred when no additional wiring is required.

Irig B is standard for all DNP relays. Irig B is standard on IEC61850 relays when additional wiring is not
required (e.g. zone substation HV relays). When additional wiring is required SNTP is used (e.g. zone
substation LV relays).

6.4.3.20 Defective Alarms

Protection defective means the protection scheme is defective. At DNP sites this is hardwired from the IED
to the RTU and means that the IED is defective. At IEC61850 sites it includes failure of the IEC61850
signalling.

Device defective means that the hardware is defective. Examples include IEDs, controllers and gateways.

Defective alarms use normally open contacts when hardwired.
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6 Transformer Protection

6.5 Appendix A — Transformer Design Requirements

Functions Operation Indication

Function Name ANSI | Initiation Selection Resetting Operation Selection Resetting
A/R | CB Fail Local |EPCC |Local EPCC |Local |EPCC |Local |EPCC |Local |Self

Bias differential 87 Yes Latched Yes Yes Yes

High impedance circulating current Yes Latched Yes Yes Yes

HV IDMT overcurrent 51 Yes Self Yes Yes Yes

LV IDMT overcurrent 51 Yes Self Yes Yes Yes

TV IDMT overcurrent 51 Yes Self Yes Yes Yes

Instantaneous overcurrent 50 Yes Latched Yes Yes Yes

Transformer paralleling overcurrent 50 Yes Yes Yes Self Yes Yes Yes Yes Yes

Negative phase sequence 46 Yes Self Yes Yes Yes

HV restricted earth fault 64 Yes Latched Yes Yes Yes

LV restricted earth fault 64 Yes Latched Yes Yes Yes

TV restricted earth fault 64 Yes Latched Yes Yes Yes

LV standby earth fault 64 Yes Self Yes Yes Yes

TV standby earth fault 64 Yes Self Yes Yes Yes

Circuit breaker failure 52 Latched Yes Yes Yes

Local metering HMI

Remote metering 77

Circuit breaker wear monitoring 94.1 Yes Yes
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6 Transformer Protection

Trip circuit supervision TCM Self Yes Yes Yes
Dynamic disturbance recorder DDR
Sequence of events recorder SER
Time Synchronisation CLK
Protection defective Self Yes Yes Yes
Device defective Self Yes Yes Yes

Mechanical Trips

Main tank buchholz Yes Latched Yes Yes Yes
HV winding temperature Yes Latched Yes Yes Yes
Earthing transformer pressure Yes Latched Yes Yes Yes
Tap changer pressure Yes Latched Yes Yes Yes
Main tank pressure Yes Latched Yes Yes Yes
Oil temperature Yes Latched Yes Yes Yes
LV winding temperature Yes Latched Yes Yes Yes
LV winding temperature (terminal stations) Yes Latched Yes Yes Yes
TV winding temperature Yes Latched Yes Yes Yes
Earthing Transformer oil temperature Yes Latched Yes Yes Yes

Note: Grey areas signify ‘No’ or ‘Not Applicable’

Note: Relay Resetting includes both contact and word bit resetting. Local resetting includes push buttons on the relay or from an HMI. Transformer faults latch,
system faults self reset.

Note: HV winding temperature is used for indication only for zone substation transformers. At terminal stations the HV, LV and TV winding temperatures trip the
transformer.
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6 Transformer Protection

6.6 Appendix B — Roles and Responsibilities

6.7 Appendix C — Operating zones

1.5 Circuit breaker . LT |
configuration | | AC <SS [ ¥ |

Double busbar
configuration

3 Transformer HV
cB

Zone Substation

- . Transformer LV
H c8

-------------------------------- Main protection system operating zone
-------------------------------- Second protection system operating zone
-------------------------------- Backup protection system operating zone
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6 Transformer Protection

6.8 Appendix D — Brownfield Main Protection System Requirements

The main protection 1 and main protection 2 functions are arranged in such a way that they complement
each other. The following principles shall be applied:

1)

2)

3)

4)

5)

6)

7)
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Unit protection:

a) Atleast one unit protection scheme shall be included in the main transformer protection system.
Where only one unit protection scheme is applied, the following functions must be included in the
other main protection scheme:

i) HVIDMT overcurrent

ii) Instantaneous overcurrent
iii) Buchholz

iv) Tap changer pressure relays

This ensures that the non-unit main protection scheme is capable of both high speed operation and
sensitive fault detection.

b) Second unit protection. A second unit protection scheme shall be applied on the following:
i) Terminal station transformers
ii) Zone substation transformers

HV IDMT overcurrent must be included in the same main protection scheme as the circulating current
protection scheme when protecting an autotransformer. The circulating current protection scheme
does not detect phase to phase faults on the tertiary.

Restricted earth fault protection must be included for a transformer winding with a solidly earthed
neutral. This is to provide coverage for earth faults that may be below the sensitivity of the biased
differential protection. These two protection functions complement each other so they must be
included in the same main protection scheme.

Because both the winding temperature and oil temperature relays measure oil temperature, they must
be included in different main protection schemes.

Because both the winding temperature and HV overcurrent provide overload protection, they must be
included in different main protection schemes.

Note that the HV overcurrent protection only provides limited backup to the winding temperature
depending on the:

a) HV IDMT overcurrent setting. This is usually 150% of the transformer rating
b) Winding thermal gradient

Because both the tank pressure and Buchholz provide a form of large oil surge sensing they must be
included in different main protection schemes.

In Zone substations the transformer protection systems may also provide the main LV busbar and / or
the second LV busbar and feeder protection systems. The functions providing these protections are:

a) LV IDMT overcurrent and LV earth fault on battery 1 provide the LV busbar main protection system
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6 Transformer Protection

b) HV IDMT overcurrent and LV standby earth fault on battery 2 provide the LV busbar and feeder
second protection system

The earth fault functions are required because:

c) The earthing transformer reduces the magnitude of the earth fault currents below the sensitivity of
the overcurrent relays.

d) The HV IDMT overcurrent on battery 2 providing the LV busbar second protection system only
detects 1/v3 of the LV earth fault current. The LV standby earth fault function is provided by and
located with the transformer HV main protection 2 scheme.

This protection arrangement will always apply regardless of any busbar protection systems.
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6 Transformer Protection

6.9 Appendix E — Role of Protection Functions

Role Function

High speed fault clearance

Biased Differential

Circulating current

HV Restricted Earth Fault

LV Restricted Earth Fault

Main Tank Pressure

Tap Changer Pressure

Earthing Transformer Pressure

Instantaneous Overcurrent

Low level fault detection

Circulating Current

HV Restricted Earth Fault

LV Restricted Earth Fault

TV Restricted Earth Fault

LV Standby Earth Fault

TV Standby Earth Fault

Main Tank Buchholz

Overload protection

HV IDMT Overcurrent

LV IDMT Overcurrent

TV IDMT Overcurrent

HV Winding Temperature

LV Winding Temperature

Oil Temperature

System backup

HV IDMT Overcurrent

LV IDMT Overcurrent

TV IDMT Overcurrent

LV Earth Fault

TV Earth Fault

LV Standby Earth Fault

TV Standby Earth Fault
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6 Transformer Protection

6.10 Appendix F — Short-circuit Apparent Power

Table 2 below is from AS 60076.5 2012 and is used for thermal rating calculations (1t). Western Power uses
the current European practice values.

Table 2 — Short-circuit apparent power of the system

Short-circuit apparent power
Highest voltage for equipment, U, MVA
kv Current European practice Current North American
practice
7,2;12; 17,5 and 24 500 500
36 1 000 1500
52 and 72,5 3000 5000
100 and 123 6 000 15000
145 and 170 10 000 15 000
245 20 000 25000
300 30 000 30 000
362 35000 35 000
420 40 000 40 000
525 60 000 60 000
765 83 500 83 500
NOTE If not specified, a value between 1 and 3 should be considered for the ratio of zero-sequence to
positive-sequence impedance of the system.

Since 1970 all transformer windings have been designed to withstand all faults on their lowest taps. Prior to
1970 the design was done on the nominal tap however for reasons of mechanical strength extra copper
was and still is used. The extra copper increases the thermal withstand capability of the HV winding to cater
for faults when on the lower tap. It is therefore safe to ignore the thermal effects on the HV winding and
concentrate wholly on the LV winding for delta — star and star-delta-star transformers.

Tertiary delta windings were sometimes under rated, however attention is now given to their mechanical
strength which ensures a thermally stable design.
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6 Transformer Protection

6.11 Appendix G — 22 kV Earthing Transformer Impedance Calculation

6.11.1 22 kV High Impedance Earthing Transformer

Western Power specifies a 35 Q/phase earthing transformer to provide a zero sequence path and regulate
fault current. The fault current will be:

ZBase = 222 / 100 = 4.84
35Q/phase=35/4.84=7.23 pu
Transformer impedance = 0.6 pu

Neglecting the source impedance at the transformer HV

31 ( 37100 ) ( ! ) 1.005kA
= * = 1.
07 \7.23+06/ \y3*22

A 35 Q/phase earthing transformer will give a total earth fault current of 3lp = 1.005 kA (335 A /phase). The
HV source impedance will reduce this to around the typical 300 A / phase or 900 A total. The earthing
transformers are rated at 3lp = 1200 A for 10 seconds which is above the 3, of 1005 A.

6.11.2 22 kV Low Impedance Earthing Transformer

Western Power specifies a 2.5 Q/phase low impedance earthing transformer to provide a zero sequence
path and effectively earth the distribution system. These transformers are required where SWER (single
phase) systems are used. These are located in the South West where the 132 kV fault levels are typically
below 1000 MVA (Zsource 2 0.1 pu). The fault current will be:

ZBase = 222 / 100 = 4.84
2.3 Q/phase=2.5/4.84=0.517 pu
Transformer impedance = 0.6 pu

Zsource = 0.1 pu

al ( 3x100 ) ( 1 ) 6.47 kA
= * = 0.
7 \0.517 + 0.6 + 0.1/ \y3*22

This fault current will be reduced by the impedance of the feeder conductor. These earthing transformers
are rated at 3lp = 10,000 A for 10 seconds which is above the 3y of 6.47 kA.
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6 Transformer Protection

6.12 Appendix H — Restricted Earth Fault

6.12.1 Earthed Star Point Winding

Transformer restricted earth fault (REF) protection is used to overcome this insensitivity problem. It
compares the 3lo flowing in the star point of transformer winding with the sum of the lo currents in the
three phases. This always sums to zero in a non-faulted winding.

Figure 6.4 — REF in-zone fault
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6.12.2 Unearthed Star Point and Delta Windings

If the winding is unearthed, eg. an HV delta or unearthed star winding, the sum of the three phase currents

(= 310) will be zero unless there is an earth fault on the w

inding itself.
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6 Transformer Protection

Figure 6.6 — Unearthed star with in-zone fault
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7 Bus Section Protection

7 Bus Section Protection

7.1 Introduction
The purposes of this section are to:

1) Define at a high level the functional requirements for bus section protection in Western Power terminal
stations and zone substations.

2) Capture information which explains the reasoning behind the bus section protection design and
settings

7.2 Scope

This section applies to bus section circuits within Western Power terminal stations and zone substations.

Bus sections are used to connect two busbars in series. Bus couplers are used to connect two busbars in
parallel. Unless otherwise noted, the contents of this section also apply to bus couplers.

7.3 Functional Requirements
The functional requirements for the bus section protection systems are:
1) Allow two sections of busbar to be connected and disconnected

2) Detect and clear small zone faults within times specified by the Technical Rules

7.4 Bus Section Protection

7.4.1 Introduction

The primary purpose of the bus section protection systems is to improve reliability by limiting an outage to
the faulted section of busbar. Other purposes include control and monitoring to facilitate operation of the
busbar. In 1.5 circuit breaker and double busbar configurations bus couplers are used to select circuits to
one of the busbars.

7.4.2 Design Requirements

Section 7.5 outlines the design requirements for standard functions and site specific functions.

7.4.2.1 Distribution Main Protection System
The main protection system protecting the bus section equipment shall comprise one of the following:
1) A busbar main protection scheme when busbar protection CT cores are available.

At new sites the bus section equipment is included in the busbar main protection system. The bus
section relay is not intended to operate for busbar faults; however it does provide some system
backup.

2) Transformer overcurrent protection.

= - westEr"iner Uncontrollgd document when printed
_ © Copyright 2024 Western Power
Page 128 of 377



7 Bus Section Protection

7.4.2.2 Distribution Backup Protection System

Bus sections at distribution voltages have only 1 set of CTs which creates a small zone. The bus section’s
second protection system operating zone is defined by the small zone between the bus section circuit
breaker and bus section current transformer. Refer to section 7.6.

The second protection system is provided by the transformer overcurrent protection.

7.4.2.3 Transmission Main Protection System

At developed sites the bus section equipment is included in the busbar main protection systems 1 & 2. The
bus section relay is not intended to operate for busbar faults; however it does provide some system backup

7.4.3 Standard Functions

The following standard functions are provided for all bus section applications.

7.4.3.1 IDMT Overcurrent

Inverse definite minimum time (IDMT) overcurrent is normally set above primary plant ratings and is not
intended to operate for faults. Setting the relay to operate for faults would introduce a grading step which
would be difficult to achieve at most sites. IDMT overcurrent is largely provided for contingency situations.

7.4.3.1.1 Settings
The settings are selected to meet the following requirements:
1) Pickups determined by the following limits:
a) Lower limit: The lower limit is calculated from:
i) Must be above the circuit breaker rating so operation of the circuit breaker is not restricted.
ii) Allowance for relay errors.

iii) CT errors are small and complex. Upper limit: Must meet Western Power’s sensitivity
requirements for a fault at the bus section circuit breaker.

2) The time multiplier setting (TMS) must:

a) Allow discrimination with other protection systems

7.4.3.2 Switch On To Fault
7.4.3.2.1 Purpose

The purpose of switch on to fault (SOTF) is to clear fault current caused by closing the associated circuit
breaker onto a set of working earths. The working earths would normally be applied to or very near the
busbar.

SOTF comprises a single phase definite time overcurrent element and associated logic.
7.4.3.2.2 Functionality

SOTF can be summarised as follows:
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7 Bus Section Protection

1) The SOTF function shall be “armed” when the circuit breaker has been opened and the standard SOTF
enable time of 60 seconds has elapsed. The circuit breaker is determined to be open when:

a) Currentis below a set level in all phases, and
b) The circuit breaker auxiliary contacts indicate that the circuit breaker is open

2) The SOTF function shall be "disarmed" when the circuit breaker has been closed and the standard SOTF
duration time of 0.6 seconds has elapsed. The circuit breaker is determined to be closed when:

a) Currentis above a set level in at least one phase, or
b) The circuit breaker auxiliary contacts indicate that the circuit breaker is closed

3) SOTF shall be voltage restrained when a VT is available. Restraint for load inrush conditions and VT
failure is provided by a voltage element. Restraint for VT failure is provided by logic.

7.4.3.2.3 SOTF Settings
The SOTF settings are selected to meet the following requirements:
1) Pickups are determined by the following limits:
a) The lower limit of the setting is calculated from:
i) Overcurrent pickup

ii) A margin. The SOTF margin ensures that the pickup of SOTF is above the maximum intended
steady state load. This avoids the sequential event buffer being filled with uninteresting
changes. The SOTF margin is normally set to 130% of the expected load.

iii) Relay errors.

In practice, a small setting may be acceptable, if a very secure restraint for cold load inrush and VT
failure conditions is possible °2.

b) Upper limit: 50% of the bolted 3 phase fault level at the associated busbar under minimum system
conditions.

2) Phase under voltage pickup. All phase voltages must be below this setting for the phase under voltage
function to pickup. The phase under voltage pickup must be:

a) Above a lower boundary just above zero. The lower the pickup is set, the less effective the SOTF
function will be. If the pickup is set close to zero, only earths placed close to the busbar will cause
SOTF to operate.

b) Below an upper boundary defined by the voltage sag caused by energising a heavily loaded, healthy
busbar.

c) A standard setting of 40% of the nominal operating voltage has been used with success. This
setting:

i) Permits working earths within the radius of interest to be detected

52 Historically when voltage restraint was not used a SOTF allowance factor of 3 was used to allow for cold load inrush. A factor up to 6 would have
been used if loads were known to draw large inrushes. Unrestrained SOTF operations have been experienced at settings based on 150% of
maximum load.
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7 Bus Section Protection

ii) Differentiates between load inrush current and fault current caused by working earths

3) Atime delay before SOTF is armed is required when the VT used for SOTF restraint is energised by
closing the circuit breaker. The time delay must be sufficient to allow the protection relay time to
measure voltage and restrain SOTF. Without the time delay the SOTF function could incorrectly operate
for inrush.

7.4.3.3 Circuit Breaker Failure

The purpose of circuit breaker failure (CB Fail) is to clear a fault when attempting to trip a circuit breaker
fails to clear its contribution to a fault. Failure to clear the fault contribution can be caused either by the
circuit breaker failing to open or by a small zone fault.

Refer to Section 8 — Circuit Breaker Protection for a detailed description of CB Fail.

7.4.3.4 Local Metering

Refer to Engineering Design Instruction — Substation Secondary Systems Design for local metering
requirements.

7.4.3.5 Remote Metering

Refer to Engineering Design Instruction — Substation Secondary Systems Design for remote metering
requirements.

7.4.3.6 Circuit Breaker Wear Monitoring
The purpose of circuit breaker wear monitoring is to assist in the scheduling of circuit breaker maintenance.

Settings are chosen to allow the relay to calculate and accumulate circuit breaker wear information during
each circuit breaker opening action.

It is important to preserve accumulated breaker monitoring information during routine maintenance.
Therefore it is a requirement that maintenance staff be provided with a means of temporarily disabling the
recording of such data.

Refer to Section 8 — Circuit Breaker Protection for a detailed description of circuit breaker wear monitoring.

7.4.3.7 Trip Circuit Supervision

The purpose of trip circuit supervision (TCS) is to supervise the integrity of the circuit breaker trip coil. The
trip coil is supervised when in both the open and closed state. TCS also supervises the integrity of some of
the associated secondary wiring.

Refer to Engineering Design Instruction — Substation Secondary Systems Design for a detailed description
of TCS.

7.4.3.8 Dynamic Disturbance Recorder
The dynamic disturbance recorder (DDR) must be configured so that the recorder captures the:
1) Pre fault waveforms.

2) Post fault waveforms which include circuit breaker failure operations.
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7 Bus Section Protection

3) Post fault waveforms which include clearance by downstream devices within the main protection
system operating zone.

7.4.3.9 Sequence of Events Recorder

The sequence of events recorder (SER) monitors what occurs within the relay during both normal operation
and faults. When the SER is triggered, a record is created of these events. A protection trip must trigger the
SER.

To simplify the event record and minimise the chance of the relay failing, the following guidelines must be
followed when choosing what is to appear in the SER:

1) Do not include word bit outputs of directional elements

2) Do notinclude word bits that may change state frequently under normal conditions, or near the edge
of such conditions

7.4.3.10 Time Synchronisation

The protection relays must be configured to receive the Irig B time code or the SNTP time signal when
available. The Irig B clock and the SNTP server provide accurate time stamping for fault events. Irig B is
more accurate and preferred when no additional wiring is required.

Irig B is standard for all DNP relays. Irig B is standard on IEC61850 relays when additional wiring is not
required (e.g. zone substation HV relays). When additional wiring is required SNTP is used (e.g. zone
substation LV relays).

7.4.3.11 Defective Alarms

Protection defective means the protection scheme is defective. At DNP sites this is hardwired from the IED
to the RTU and means that the IED is defective. At IEC61850 sites it includes failure of the IEC61850
signalling.

Device defective means that the hardware is defective. Examples include IEDs, controllers and gateways.

Defective alarms use normally open contacts when hardwired.
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7 Bus Section Protection

7.5 Appendix A — Bus Section Design Requirements

Functions Operation Indication

Function Name ANSI Initiation Selection Resetting Operation Selection Resetting
A/R | CB Fail Local EPCC Local EPCC Local EPCC Local EPCC Local Self

IDMT overcurrent 51 Yes Self Yes Yes Yes

IDMT earth fault 64 Yes Self Yes Yes Yes

Switch on to fault SOTF Yes Self Yes Yes Yes

CB failure 52 Latched Yes Yes Yes

Local metering HMI

Remote metering 77

Circuit breaker wear monitoring 94.1 Yes Yes

Trip circuit supervision TCM Self Yes Yes Yes

Dynamic disturbance recorder DDR

Sequence of events recorder SER

Time Synchronisation CLK

Protection Defective Self Yes Yes Yes

Device Defective Self Yes Yes Yes

Note: Grey areas signify ‘No’ or ‘Not Applicable’

Note: Relay Resetting includes both contact and word bit resetting
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7 Bus Section Protection

7.6 Appendix B — Operating zones
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8 Circuit Breaker Protection

8 Circuit Breaker Protection

8.1 Introduction
The purposes of this standard are to:

1) Define at a high level the functional requirements for circuit breaker protection in Western Power
terminal stations and zone substations

2) Capture information which explains the reasoning behind the circuit breaker protection design and
settings

8.2 Scope

This standard applies to circuit breakers within a Western Power terminal station or zone substation.

8.3 Functional Requirements

The functional requirements for the circuit breaker protection systems are:
1) Detect and clear faults in the circuit breaker operating zone.

2) Detect and clear faults within times specified by the Technical Rules.

3) Coordinate with upstream and downstream protection systems.

4) Clear faults within the thermal limits of associated primary equipment, including the power
transformer.
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8 Circuit Breaker Protection

8.4 Circuit Breaker Protection

8.4.1 Introduction

Circuit breakers are used to:

1) Isolate faulty equipment from the rest of the system

2) Isolate primary plant so that maintenance and construction can be performed
3) Reconfigure the system

Various functions provided by the protection relays are used to allow these tasks to be performed safely
and reliably.

8.4.1.1 Check Synchronism

Check synchronism (sync check) is used to prevent closing of a circuit breaker onto two unsynchronised
systems.

8.4.1.1.1 System Conditions Requiring Sync Check

Sync check is generally not required at distribution voltages. At transmission voltages sync check is required
as outlined below:

1) Substations that have generator connections require sync check. The closing of a circuit breaker should
not result in a sudden change in the power from the generator of more than 0.5 pu of the rating of the
generator >3,

2) Substations require sync check where an outage of 2 or less circuits forms a generation island.

3) Intermediate substations in meshed systems generally do not require sync check. If an outage of more
than two circuits is required to form a generation island, check sync is usually not required.

8.4.1.2 Automatic Reclose

The purpose of automatic reclose is to automatically restore supply following a transient fault. Delayed
automatic reclose (DAR) is standard on the distribution system. DAR and high speed single pole automatic
reclose (HSSPAR) are not standard functions on the transmission system and will only be provided when
requested by transmission planning.

The following automatic reclose settings are specified by the distribution or transmission planning
engineer:

1) Dead time
The following factors affect the selection of the dead time **:

a) System stability and synchronism —in order to reclose without loss of synchronism, the dead time
must be kept to a minimum.

>3 |EEE Screening Guide for Planned Steady-State Switching Operations to Minimise Harmful Effects on
Steam Turbine Generators", IEEE Trans., Vol. PAS-99, No.4, pp 1519-1521, July/August 1980

54 Network Protection and Automation, Areva, First edition July 2002, p. 221

o8 westl.‘.rllpl.’lWEf Uncontrollgd document when printed
© Copyright 2024 Western Power Page 136 of 377
age o)



8 Circuit Breaker Protection

b) Type of load — the dead time must be long enough to allow industrial motor circuits to trip for loss
of supply.

c) Circuit breaker characteristics — the dead time must be long enough to allow any trip free
mechanisms to reset and the close mechanisms to fully close.

d) Fault path de-ionisation time — the dead time must be long enough to allow any ionised air to
disperse after a protection trip. The dead time must be longer than the time required to totally
extinguish the arc.

e) Protection reset time — the dead time must be long enough to allow the protection relays to
completely reset.

2) Reclaim time
The following factors affect the selection of the reclaim time:

a) Protection operating time. The reclaim time must allow the protection relays time to operate when
the circuit breaker is closed on a permanent fault.

b) Circuit breaker characteristics. The reclaim time must allow a spring closed circuit breaker enough
time to fully wind its spring. Otherwise the circuit breaker could be reclosed with a partly wound
spring.

3) Number of Shots
The following factors affect the selection of the number of shots:

a) Circuit breaker limitations — the circuit breaker must be able to perform a number of trip and close
operations in quick succession. Automatic reclose will affect the maintenance cycle.

b) System conditions — areas affected by a large number of outages caused by lightning or bird strikes
are good candidates for single shot automatic reclose.

c) Thermal rating of equipment — Transformers are designed with a 2 second rating at currents
defined by the operating voltage °°. This rating and the total fault clearance time limits the number
of shots on distribution feeders in the metropolitan area to one shot. Feeders in country areas with
lower fault levels may be able to accommodate two or three shots.

55 AS 60076.5 2012 clause 4.1.3
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8 Circuit Breaker Protection

8.4.1.3 Delayed Automatic Reclose

Delayed automatic reclose (DAR) schemes trip and reclose three poles simultaneously. The reclosing of the
circuit breakers is delayed by more than 1 second from the trip operation. DAR is applied when:

1) There s little chance of the two sides of the circuit breaker drifting out of synchronism and
2) A higher quality of supply is required.
8.4.1.3.1 Operating Principle
The following is a typical single (1 shot) DAR cycle:
1) The protection relay detects a fault and:

a) Trips the circuit breaker

b) Initiates the DAR dead time
2) When the dead time has expired:

a) The circuit breaker is reclosed

b) The reclaim time is initiated. Note that the reclaim time is sometimes referred to as the reset time.
3) If the fault s still present the circuit breaker will trip and the automatic reclose function will lock out.
4) If the fault is not present and the reclaim time expires, the automatic reclose function will reset.
Multiple shot DAR will repeat this cycle until either:
5) The reclose is unsuccessful and the number of shots is reached causing the DAR function to lock out
6) The reclose is successful and the DAR function resets

Figure 8.1 and Figure 8.2 show the relationship between the protection operation, circuit breaker operation
and automatic reclosure cycle.
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8 Circuit Breaker Protection

Figure 8.1 — Single shot automatic reclosure cycle for transient fault >
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Figure 8.2 — Single shot automatic reclosure cycle for permanent fault
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8 Circuit Breaker Protection

8.4.1.4 High Speed Single Pole Automatic Reclose

High speed single pole automatic reclose (HSSPAR) schemes trip and reclose each pole individually
following a single phase to earth fault. The reclosing of the circuit breakers is delayed by less than 1 second
from the trip operation.

8.4.1.4.1 1.5 Circuit Breaker Application

In a 1.5 circuit breaker application a circuit breaker is designated as either the:

1) HSSPAR circuit breaker, which is tripped and reclosed on the faulted phase

2) Non-HSSPAR circuit breaker, which trips all 3 poles

If the HSSPAR circuit breaker is out of service, the line circuit will trip and lockout as a 3 pole operation.
8.4.1.4.2 Operating Principle

HSSPAR operates on the same general principle as DAR. The following is a representation of the standard
single 1 shot HSSPAR cycle in a 1.5 circuit breaker terminal station:

1) The line protection relay picks up and:

a) Sends a single pole trip to the HSSPAR circuit breaker (e.g. 911.0)

b) Initiates the HSSPAR dead time for the faulted phase

c) Sends athree pole trip to the non-HSSPAR circuit breaker (e.g. 913.0)
2) When the HSSPAR dead time expires:

a) The HSSPAR circuit breaker recloses the faulted phase

b) The HSSPAR reclaim time is initiated. Note that the reclaim time is sometimes referred to as the
reset time.

3) If the fault is still present the HSSPAR circuit breaker will trip and the automatic reclose function will
lock out.

4) If the fault is not present and the reclaim time expires, the automatic reclose function will reset.

5) The HSSPAR relay will send a 3 pole close signal to the non-HSSPAR circuit breaker after the HSSPAR
circuit breaker has been successfully reclosed for 10 seconds. Note that this is not 10 seconds after the
HSSPAR circuit breaker reclaim time has expired.

8.4.1.4.3 Adaptive Dead time

Adaptive dead time (ADT) allows reclosure at one line end following successful reclosure at the other line
end. One line end has a standard defined dead time. The other line end, which is usually the one connected
to the stronger source, has an ADT relay measuring line volts. If healthy three phase line volts are present,
indicating successful reclosure at the defined dead time end, the ADT circuit breaker is allowed to reclose.
The advantage of ADT is that the ADT circuit breaker, and therefore the generators supplying the fault from
that end, is not unnecessarily stressed if the fault persists.

A disadvantage is that a two line substation could be blacked out due to a lack of automatic reclose. If line 1
is out of service and line 2 trips, volts would not be detected by an ADT relay at the remote end of line 2. In
this case reclosure of line 2 would not occur.
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8 Circuit Breaker Protection

8.4.2 Design Requirements

Design requirements are summarised in Section 8.5.

8.4.2.1 Distribution Main Protection System
The main protection system shall comprise one of the following:

1) At new sites with LV switchboards, the circuit breakers are within the busbar operating zone. They are
therefore protected by the busbar main protection system.

2) At existing sites with outdoor switchgear and no busbar protection, the transformer LV protection
system provides the main protection system.

8.4.2.2 Distribution Backup Protection System
The backup protection system shall comprise one the following:

1) At new sites with LV switchboards the transformer LV protection system provides the second
protection system.

2) Atsites with outdoor switchgear the transformer HV protection system provides the second protection
system.

8.4.2.3 Transmission Main Protection System

Circuit breakers do not have their own dedicated main protection system. Instead they are protected by
the main protection systems of other circuits. An example is the circuit breakers connected to a busbar are
protected by the busbar main protection system.

8.4.2.4 Transmission Backup Protection System

Western Power’s preference is for duplicated circuit breaker failure schemes at all transmission voltages to:
1) Meet local total fault clearance time requirement

2) Allow the system to be reconfigured in the future without affecting the backup protection system

3) Minimise risk of blacking out a terminal station for a remote backup operation.

8.4.2.5 Local and Remote Control
The following must be incorporated in the local and remote control design of the circuit breaker:
1) There shall be a facility to open and close circuit breakers from the following locations:

a) Locally on the circuit breaker

b) Remotely from the relay panel

c) Remotely from the East Perth Control Centre (EPCC). Preference is for this remote open and close
to be via the protection relay.

2) Both remote open and close facilities must be disabled when the circuit breaker is in the local position.
This is usually done by:

a) Alocal / remote switch within the circuit breaker
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8 Circuit Breaker Protection

b) Removing the trip and close isolation links.

3) The local close must be disabled when the circuit breaker is connected to the system. This is usually
done with disconnector auxiliary switches forming an interlock in the local supply circuit.

4) The automatic reclose function must be disabled when the circuit breaker is in the local position. This is
usually done by removing the close isolation link. If available, a contact on the local / remote switch is
used to disable automatic reclose.

5) Historically the DC supply for both local and remote control of the circuit breaker is from:
a) Battery 1 for HV circuits in zone substations
b) Battery 2 for LV switchboard circuits
c) Battery 2 in terminal stations
The majority of brownfield sites follow this design.

6) Atgreen field sites the DC supply for both local and remote control of the circuit breaker is from
battery 1 for both zone substations and terminal stations.

8.4.2.6 Check Synchronism

When check synchronism (sync check) is required, the following close signals are conditioned by sync
check:

1) Delayed automatic reclose (DAR)

2) High speed single pole automatic reclose (HSSPAR)
3) Remote close from protection panel and EPCC

The following are design requirements for sync check *’.
8.4.2.6.1 Sync Check Close

Sync check close is the local close signal to the circuit breaker that must be conditioned by the sync check
function.

8.4.2.6.2 Sync Check Enable

Sync check enable ensures that voltage conditions have been met. This is accomplished by checking that
the external interlocking is satisfied. The sync check interlocking must:

1) Include an MCB auxiliary contact from each VT providing a synchronism voltage. A faulty VT providing
no volts to the relay could be interpreted as a dead line / live bus or dead bus / live line situation.
Under these conditions an unsynchronised close could occur. Including the MCB auxiliary contact helps
to prevent closure when a VT is faulty.

2) The following disconnector auxiliary contacts are included in the synch check enable interlock:
a) Alldisconnectors between the VTs used for the sync check.

b) The disconnectors on the system side of the VTs.

58 Technical Rules clause 3.3.6
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8 Circuit Breaker Protection

This is to ensure that the voltages being checked are present at the circuit breaker. Including these
auxiliary contacts also ensures an operator cannot close a disconnector on two out of sync systems.

3) Notinclude circuit breaker auxiliary contacts. In a check sync design there are two types of circuit
breakers.

a) The circuit breaker undergoing check sync

b) The circuit breaker not being checked. This circuit breaker is associated with the line not being
closed which supplies one of the voltages being compared.

Including auxiliary contacts from these circuit breakers prevents closing when either of the circuit
breakers is open. This prevents initial energising of a substation where all circuit breakers are open.

When there are three lines connected to a busbar the sync check enable interlocking can become complex.
In these cases a busbar VT is required.

8.4.2.6.2.1 Functionality

Generally the check synchronisation function must allow closing of the circuit breaker under the following
conditions:

1) Dead line and live bus

2) Dead line and dead bus

3) Live line and live bus in synchronism
4) Live line and dead bus

8.4.2.6.2.2 Site Specific Conditions

1) In addition to sync check the line circuit breaker connecting a generator can be prevented from closing
out of sync by:

a) Preventing closing of the line circuit breaker for a live line condition.

b) Requiring a ‘close enable’ signal to be sent to the private generator. This signal indicates the line
circuit breaker is closed and line energised. The signal is required for the private generator to
synchronise and close onto Western Power’s system.

Note that a private generator is required to synchronise to the Western Power system 8. Under
normal conditions the line circuit breaker must therefore always be closed before the generator
can be synchronised and closed.

2) Additional disconnector auxiliary contacts may be required depending on site specific conditions (e.g.
incomplete 1.5 CB configuration).

8.4.2.6.3 Weld Check

The ‘close’ contact is the last contact to close and first to open. It is the contact that makes and breaks the
trip coil current. If the circuit breaker does not complete is cycle, the cut throat auxiliary contact will not
change state and the coil will eventually burn out. This usually results in a short circuit so, even if the close

58 Technical Rules clause 3.3.6
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8 Circuit Breaker Protection

contact is rated to break the coil current, the close contact would eventually weld shut. The contact is
considered welded when:

1) Avoltage is detected and

2) The circuit breaker is open and

3) The circuit breaker is not being closed

4) Weld check is no longer required on new designs *°.
8.4.2.6.4 Close Enable

Close enable arms the close contact. Close enable ensures that:
1) The close contact is not welded shut

2) The close contact is the last contact to make and the first contact to break the circuit breaker closing
coil current.

Close enable can be implemented in the logic of the relay when the interlocking is performed in the logic.

8.4.2.7 Automatic Reclose

Automatic reclose must be disabled for:

1) The local / remote switch in the local position
2) Circuit breaker failure both locally and remotely

8.4.2.7.1 High Speed Single Pole Automatic Reclose

8.4.2.7.1.1 1.5 Circuit Breaker Terminal stations

1) The high speed single pole automatic reclose (HSSPAR) is performed by the outer circuit breakers of the
bay (e.g. 911 and 915). The centre circuit breaker trips 3 pole (e.g. 913).

2) HSSPAR on/off controls are located on the circuit breaker panel and HMI

3) HSSPAR on/off led indication is on both the line and circuit breaker panels and HMI

8.4.2.8 Circuit Breaker Wear Monitoring

A means of temporarily disabling recording of breaker monitoring information during routine maintenance
is required. This preserves accumulated breaker wear information.

8.4.2.9 Replacing a 3 Pole Circuit Breaker with Single Pole Circuit Breaker

Single pole circuit breakers require phase segregated tripping to enable the trip circuit supervision to work
correctly. Refer to Engineering Design Instruction — Substation Secondary Systems Design . When replacing
a 3 pole circuit breaker with a single pole circuit breaker, use of a trip relay to segregate the trip signals is
acceptable. Using a trip relay reduces the inter-panel wiring and rework required on other panels. The trip
relay adds 10 milliseconds so the total fault clearance time must be checked to ensure the Technical Rules
requirements are still met. Refer to Figure 8.3.

60 Technical Rules Table 2.11
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8 Circuit Breaker Protection

Figure 8.3 — Single pole circuit breaker with phase segregating trip relay. Circuit breaker shown in closed
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8.4.3 Standard Functions

8.4.3.1 Check Synchronism

Check synchronism (sync check) ensures that the supplies to both sides of a circuit breaker are
synchronised before allowing it to be closed. The sync check relay performs the following checks:

1) The voltage magnitudes on either side of the circuit breaker must be within tolerance. Closure must be
prevented for under voltage or for large voltage differences. Typical settings are:

a) Dead line / bus =25V secondary (ph - e). A voltage level of 25 V or less signifies that the line or bus
is dead. This setting have been increased to avoid unnecessary blocking of the dead line / bus
situation.

b) Minimum volts for sync check = 0.8 per unit. This setting is below the minimum transmission system
voltage of 0.9 pu.

c) Maximum volts for sync check = 1.2 per unit. This setting is above the maximum transmission system
voltage of 1.1 per unit.

d) Maximum voltage difference is typically the difference between the maximum and minimum
voltages or 0.4 per unit.

2) The phase angle difference of the voltages on either side of the circuit breaker must be within tolerance.
Transmission planning specifies the voltage angle difference.

3) The frequency difference of the voltages on either side of the circuit breaker must be within tolerance.
A setting of 0.01 Hz has been used successfully in the past.
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8 Circuit Breaker Protection

8.4.3.2 Circuit Breaker Failure

The purpose of the circuit breaker failure (CB Fail) function is to clear a fault when tripping a circuit breaker
fails to clear its contribution to a fault. The two most common situations which cause a circuit breaker fail
are:

1) Failure of a protection scheme to detect a small zone fault
2) A mechanical failure of the circuit breaker

Upon detection of a circuit breaker fail condition, the CB Fail function initiates tripping of other circuit
breakers to isolate sources supplying fault current. These may include transformers, bus sections, lines and
generation circuit breakers.

CB Fail was previously called local backup (LBU). While CB Fail is a type of local backup protection, there are
other types of local backup.

Circuit breaker failure is performed by both the current check and the auxiliary contact methods. If auxiliary
contacts are not available and there is no specific requirement for the auxiliary contact method, the current
check method alone is sufficient. The auxiliary contact method is typically required on generation circuits.

8.4.3.2.1 Current Check Method

When the circuit breaker trip signal is sent to the circuit breaker the CB Fail timer is started (CB Fail Initiate).
Determination of a circuit breaker fail condition is based on detectable current flowing after the timer is
timed out. The current check method is suitable for small zone fault detection.

8.4.3.2.2 Auxiliary Contact Method

When the circuit breaker trip signal is sent to the circuit breaker the CB Fail timer is started (CB Fail Initiate).
Determination of a circuit breaker fail condition is based the auxiliary contact not changing state before the
timer has timed out. Advantages and disadvantages of the auxiliary contact method include:

Advantages:

1) This scheme is not dependent on fault current therefore it works with low level faults (e.g. incipient
faults in transformers).

Disadvantages:
1) It does not measure fault current therefore it is not suitable for small zone fault protection.

2) It does not provide for the case where the CB mechanism opens (and therefore also the auxiliary
switch) but fails to clear the fault. This could be due either to a failed CB operating rod or failed
dielectric quenching medium.

Both a normally open and a normally closed auxiliary contact are used in the CB Fail logic to overcome
reliability issues with auxiliary contacts. These contacts are used to condition the auxiliary contact CB Fail
trip as follows:

1) CB Fail trip is allowed if both auxiliary contacts change state correctly.

2) CB Fail trip is allowed if both auxiliary contacts do not change state correctly and the current check
method is not in use. Other means of clearing the fault should have operated before the CB Fail timer
has timed out. Incorrect operation of auxiliary contacts indicates a possible mechanical problem with
the circuit breaker.
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8 Circuit Breaker Protection

3) CB Fail trip is not allowed if both auxiliary contacts do not change state correctly and the current check

method is also in use. The current check CB Fail method is relied on to clear the fault.

Table 8.1 summarises the normally open / normally closed contact logic.

Table 8.1 — Auxiliary Contact Method CB Fail Trip

Current Check Method in Use Contacts Operate Correctly Contacts Operate Incorrectly

CB Fail Trip Not Allowed

Yes

CB Fail Trip Allowed

No

CB Fail Trip Allowed

CB Fail Trip Allowed
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8 Circuit Breaker Protection

8.4.3.2.3 Functional Requirements
The operation of the CB Fail function must meet the following requirements:
1) Be sensitive enough to detect all faults for which CB Fail operation is required

2) Time delayed on pickup enough to allow for the expected normal clearance by the associated circuit
breaker

8.4.3.2.4 Operation
The CB Fail operation is outlined below:

1) Commence timing when a protective function operates with the intention of tripping the nominated
circuit breaker

2) Cease timing if the fault current is interrupted or the protection function resets

3) Trip other circuit breakers if the time delay on pickup expires and fault current is still flowing or the
auxiliary contacts have not changed state.

4) Provide indication of the failed circuit breaker

8.4.3.2.5 (B Fail Settings

The settings are selected to meet the following requirements:

1) CB Fail pickup determined by the following limits:
a) Lower limit: The pickup is set as sensitive as the protection relay will permit.
b) Upper limit: Must meet Western Power’s sensitivity requirements.

2) CB Fail timer

a) Setting: The purpose of the CB Fail timer setting is to allow sufficient time for the associated circuit
breaker to clear a fault. The required delay can be determined by considering Figure 8.4 below:

Figure 8.4 — Circuit Breaker Failure Timer Setting
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b) From the Figure 8.4, it is seen that the circuit breaker failure timer setting is the:
i)  Sum of the:
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8 Circuit Breaker Protection

ii) Circuit breaker maximum breaking time
iii) Circuit breaker failure margin (40 ms)
iv) Circuit breaker failure reset time

v) Circuit breaker failure timer error

Less the

vi) Circuit breaker failure pickup time

c¢) Maximum total fault clearance time (TFCT): For a given circuit breaker failure timer setting, the
maximum circuit breaker failure total fault clearance time (TFCT) must be evaluated. This is to
ensure that the Technical Rules maximum fault clearance time requirement is met ¢, The TFCT can
be evaluated by considering Figure 8.5 below:

Figure 8.5 — Circuit Breaker Failure Maximum Total Fault Clearance Time
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d) From Figure 8.5 it is seen that the maximum TFCT for a circuit breaker failure is the sum of the:
i) Maximum protection operating time
ii) CB Fail pickup time
iii) CB Fail timer setting
iv) CB Fail timer error
v) CB Fail trip contact time
vi) CB Fail trip relay time
vii) Upstream circuit breaker maximum breaking time (including arc clearance)

viii) Safety Margin (10 ms)

60 Technical Rules Table 2.11
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8.4.3.3 Local and Remote Metering

Refer to Engineering Design Instruction — Substation Secondary Systems Design for local Metering
requirements.

8.4.3.4 Circuit Breaker Wear Monitoring

The purpose of the circuit breaker wear function is to assist in the scheduling of circuit breaker
maintenance.

Settings are chosen to allow the relay to calculate and accumulate circuit breaker wear information during
each circuit breaker opening action.

8.4.3.5 Trip Circuit Supervision
The purpose of trip circuit supervision (TCS) is to supervise the integrity of the circuit breaker trip coil.

Refer to Engineering Design Instruction — Substation Secondary Systems Design for a detailed description
of TCS.

8.4.3.6 Dynamic Disturbance Recorder

The dynamic disturbance recorder (DDR) must be configured so that the recorder captures the:
1) Pre fault waveforms.

2) Post fault waveforms which include circuit breaker failure operations.

3) Post fault waveforms which include clearance by downstream devices within the main protection
system operating zone.

8.4.3.7 Sequence of Events Recorder

The sequence of events recorder (SER) monitors what occurs within the relay during both normal operation
and faults. When the SER is triggered, a record is created of these events. A protection trip must trigger the
SER.

To simplify the event record and minimise the chance of the relay failing, the following guidelines must be
followed when choosing what is to appear in the SER:

1) Do not include word bit outputs of directional elements

2) Do not include word bits that may change state frequently under normal conditions, or near the edge
of such conditions

8.4.3.8 Time Synchronisation

The protection relays must be configured to receive the Irig B time code or the SNTP time signal when
available. The Irig B clock and the SNTP server provide accurate time stamping for fault events. Irig B is
more accurate and preferred when no additional wiring is required.

Irig B is standard for all DNP relays. Irig B is standard on IEC61850 relays when additional wiring is not
required (e.g. zone substation HV relays). When additional wiring is required SNTP is used (e.g. zone
substation LV relays).

3 i WEStEr"FDWEr Uncontrollgd document when printed
© Copyright 2024 Western Power Page 150 of 377
age o



8 Circuit Breaker Protection

8.4.3.9 Defective Alarms

Protection defective means the protection scheme is defective. At DNP sites this is hardwired from the IED
to the RTU and means that the IED is defective. At IEC61850 sites it includes failure of the IEC61850
signalling.

Device defective means that the hardware is defective. Examples include IEDs, controllers and gateways.

Defective alarms use normally open contacts when hardwired.

8.4.3.10 Site Specific Functions

8.4.3.10.1 Automatic Reclose

8.4.3.10.2 Delayed Automatic Reclose

Typical settings are of the order of:

1) Deadtime =5-15 seconds

2) Reclaim time =5 — 35 seconds

8.4.3.10.3 High Speed Single Pole Automatic Reclose
Typical settings are of the order of:

1) Dead time =400 ms — 690 ms. The dead time must allow the circuit breaker to reclose before pole
discrepancy timer operates. If an adaptive dead time is used, it must be used at the end with the
strongest source.

2) Reclaim time = 500 ms — 16 seconds
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8 Circuit Breaker Protection

8.5 Appendix A — Circuit Breaker Design Requirements

Functions Operation Indication

Function Name ANSI Initiation Selection Resetting Operation Selection Resetting
A/R | CB Fail Local EPCC Local EPCC Local EPCC Local EPCC Local Self

Circuit breaker failure 52 Latched Yes Yes Yes

Local metering HMI

Remote metering 77

Delayed automatic reclose 79 Yes Yes Self Yes Yes Yes Yes Yes

High speed single pole automatic reclose 79 Yes Yes Self Yes Yes Yes Yes Yes

VT failure 47 Self Yes Yes Yes

Circuit breaker wear monitoring 94.1 Yes Yes

Trip circuit supervision TCM Self Yes Yes Yes

Check synchronisation 3 Self Yes Yes Yes

Dynamic disturbance recorder DDR

Sequence of events recorder SER

Time synchronism defective CLK Yes

Protection defective Self Yes Yes Yes

Device defective Self Yes Yes Yes

Circuit breaker mechanism defective Block Self Yes Yes Yes

Synchronism check disable No Yes Yes Yes Yes

Note: Grey areas signify ‘No’ or ‘Not Applicable’
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8 Circuit Breaker Protection

Note: Relay Resetting includes both contact and word bit resetting
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9 Feeder Protection

9 Feeder Protection

9.1 Introduction
The purposes of this section are to:

1) Define at a high level the functional requirements for distribution feeder protection in a Western Power
zone substation

2) Capture information which explains the reasoning behind the distribution feeder protection design and
settings
9.2 Scope

This section applies to distribution feeder circuits within a Western Power zone substation at voltages 33 kV
and below. Protection of distribution feeders downstream from the zone substation is not part of this
section.

9.3 Functional Requirements

The functional requirements for the feeder protection systems are:

1) Detect and clear faults in the feeder protection operating zone. Refer to Section 9.7.
2) Detect and clear faults within times specified by the Technical Rules.

3) Coordinate with upstream and downstream protection systems.

4) Provide backup for downstream protection systems.

5) Clear faults within the thermal limits of associated primary equipment, including the power
transformer.

6) Itis nota purpose of the feeder protection systems to provide overload, over voltage or under voltage
protection for circuit breakers, transformers or conductors.

9.4 Feeder Protection

9.4.1 Introduction

The primary purpose of the feeder protection system is to minimise danger to the public and loss of supply
by clearing faults on the feeder. Other purposes include control and monitoring to facilitate operation of
the feeder and to minimise damage to primary equipment.

The feeder protection system must take into account the following system considerations:
1) Type of upstream and downstream protection systems

2) Type of feeder loads (static, PPG, single phase systems)

3) Faultlevels

4) Critical fault clearance times

5) Quality of supply
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9 Feeder Protection

9.4.1.1 Operating Time

Fast protection operating times minimise danger and primary equipment damage. The fastest possible
operating time, which provides discrimination when required, should therefore be set.

The main and second feeder protection systems shall, in combination, satisfy all of the following conditions:

1) Achieve the relevant total fault clearance times specified by the Technical Rules ®* and summarised in
Table 9.1. These times must only be met for maximum system conditions with the supply from a single
zone substation transformer. The times specified in the Technical Rules apply only to local faults. The
operating time for faults on the feeder outside of the zone substation is not defined.

2) Achieve critical fault clearance times where specified by the System Analysis and Solutions section °2.

3) Achieve a fault clearance time that does not exceed the thermal rating of the zone substation
transformer with the lowest thermal rating. If the zone substation is a rapid response transformer
(RRST) site, this requirement includes the RRST. This requirement shall be achieved over the fault level
range defined by:

a) Lower end: 150% of the lowest thermally rated transformer, full load rating

b) Upper end: The maximum fault level at the feeder CB when fed only by the lowest thermally rated
transformer.

The main and second protection system operating times must not exceed the thermal rating of the
feeder conductor. Ensuring this is the responsibility of the distribution planning engineer.

Table 9.1 — Maximum total fault clearance time

Voltage Level No Circuit Breaker Failure Circuit Breaker Failure

33 kV and below 1160 ms 1500 ms

For a main protection system failure the total fault clearance time is the same as for a circuit breaker
failure.

9.4.2 Design Requirements

Standard functions are provided on all feeder circuits to assist with standardisation of protection design
and setting files. Site specific functions are provided at the discretion of the protection design engineer.

It is the responsibility of the protection design engineer to:

1) Liaise with stakeholders to ensure the design meets the stakeholder requirements.

2) Determine which of the site specific functions are required for individual feeders.

3) Determine if an individual feeder application requires additional functions not listed in this section.

4) Verify that standard settings are suitable.

61 Technical Rules clause 2.9.4(b)
62 Technical Rules clause 2.9.5(a)
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9 Feeder Protection

5) The service status of some functions can be controlled from the network operations control centre
(NOCQC). It is the responsibility of network operations to switch these functions into, or out of service, as
required. Examples of

6) Section 9.5 outlines the design requirements for standard functions and site specific functions.

9.4.2.1 Sensitivity

Protection systems must be capable of detecting faults to meet Western Power’s sensitivity requirements.
Refer to Section 16 — Protection Sensitivity.

9.4.2.2 Residual Current

Preference is given to measuring the residual current of the phase CTs using a separate element in the
protection relay. Calculating the residual current by summing the phase vectors is acceptable if measuring
is not possible. The reason for this preference is that the range of pickups available in the protection relay is
generally higher for measured values.

9.4.2.3 Under Frequency Load Shedding

When possible new feeder circuits shall have the protection relay provide under frequency load shedding
(UFLS).

At some older sites the under voltage load shedding (UVLS) scheme trips via a hardwired UFLS scheme.
When the UVLS trips into the UFLS scheme before the stage selection it may be necessary to add the feeder
to the existing UFLS scheme (e.g. BUH). When the UVLS trips into the UFLS scheme at the UFLS trip relays,
the protection relay can perform UFLS (e.g. GTN).

9.4.2.4 Double Cable Terminations
The following applies to distribution feeders with double cable terminations:
1) The feeder circuit’s main and second protection systems will protect both cables.

2) Both cables will have independent CT cores providing independent local and remote metering of white
phase current. This metering is independent of the main protection system metering.

3) Individual cables will have a fault indicator to distinguish which cable is faulty. Refer to Engineering
Design Instruction — Substation Secondary Systems Design .

9.4.2.5 Bush Fire Mitigation

The asset manager will determine if a feeder is in a potential bush fire area. In these site specific cases a
relay with a high impedance function (HIZ) capable of detecting and clearing high impedance faults is
required.

9.4.2.6 Check Synchronism

If a generator is connected to the distribution system, it is the responsibility of the generator to install
check synchronising and island detection functionality on the generating unit circuit breakers. Check
synchronising will therefore not be provided on Western Power’s feeder circuit breakers 3.

63 Technical Rules clauses 3.5.2 and 3.6.7.3(b)
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9 Feeder Protection

9.4.2.7 Distribution Connected Generation

Refer to Section 16 — Protection Sensitivity.

9.4.2.8 Protection Operating Limit

The protection operating limit (POL) is calculated by the protection design engineer and provided to the
network operator. The POL gives the network operator an upper boundary to operate the system without
causing the protection to operate. The IDMT Overcurrent pickup is used to calculate the POL to ensure that
load does not cause a trip (IDMT Earth Fault is not used as load is considered a balanced 3 phase supply).
Relays can be grouped according to their errors:

1) Errors are positive. The protection will not operate until the pickup setting is reached. For these relays
the POL is calculated by the following formula:

POL = (IDMT Overcurrent pickup setting x CT ratio)

2) Errors are negative and positive. The relay may operate before the pickup setting is reached. For these
relays the POL is calculated by the following formula:

POL = (IDMT Overcurrent pickup setting — relay errors) x CT ratio

9.4.3 Main Protection System Standard Functions

The following standard functions are provided for all feeder applications.

9.4.3.1 IDMT Overcurrent

The main purpose of the IDMT overcurrent function is to detect and clear 3 phase faults. When negative
phase sequence protection is not provided, IDMT overcurrent must also detect and clear phase to phase
faults. IDMT Overcurrent may also respond to faults involving heavy unbalance and/or earth faults.

The settings are selected to meet the following requirements:
1) Pickups determined by the following limits:
a) Lower limit: The lower limit is calculated from:

i) Pickup specified by the distribution planning engineer. This pickup must be above the
maximum anticipated feeder load and grade with downstream protection pickups.

ii) Allowance for relay errors.

b) Upper limit: Must meet Western Power’s sensitivity requirements. Refer to Section 16 — Protection
Sensitivity.

2) Time multiplier setting (TMS) as specified by the distribution planning engineer. The protection design
engineer must ensure that:

a) There is adequate coordination with the transformer protection.
b) No transformer short circuit ratings are exceeded.

c) No thermal limits are exceeded when the number of automatic reclose shots on the feeder is
considered. Circuit breaker failure during an automatic reclose cycle is not considered due to the:

i) Low probability of this event
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9 Feeder Protection

ii) Constraints it would place on the number of automatic reclose shots
iii) Constraints it would place on the feeder time multiplier setting

d) The total fault clearance time is at most 1 second and considers the operating time considerations
outlined in section 9.4.1.1 when the fault is:

i) Under maximum system conditions
ii) Supplied from only 1 transformer
iii) Bolted and just outside the substation

A maximum of 1 second is selected to ensure that the fault is cleared within the 2 second thermal
rating of the transformer allowing for 1 automatic reclose shot ®*.

9.4.3.2 Instantaneous Overcurrent

The purpose of the instantaneous overcurrent function is to detect and clear high current, 3 phase and
phase to phase faults. In general, the metropolitan distribution system is earthed via earthing transformers
which limit the earth fault levels. The instantaneous overcurrent function will therefore not respond to
earth faults.

An instantaneous overcurrent function is required if one, or more, of the following applies:

1) The distribution planning engineer has requested the function. Typically this is to protect sections of
under rated conductor.

2) Quality of supply issues. Fast clearance reduces disruptions to customers on adjacent feeders due to
voltage depression during the fault.

3) Critical fault clearance times exist and cannot be met by IDMT overcurrent functions.

4) Thermal ratings of equipment within the zone substation might otherwise be exceeded.

9.4.3.3 Transformer Paralleling Overcurrent

The purpose of the transformer paralleling overcurrent (TPO) function is to allow paralleling of
transformers without damaging distribution equipment. When transformers are operated in parallel the
fault level may exceed the rating of the distribution equipment. The two types of TPO functions are the:

1) Feeder TPO function which has no deliberate time delay. A loss of discrimination with downstream
reclosers is considered to be acceptable when transformers are paralleled. The feeder TPO function is
comprised of an independent instantaneous overcurrent element.

2) Transformer TPO function is time delayed by 150 ms to allow the feeder TPO to operate first. The
transformer TPO element is comprised of an independent definite time overcurrent element. The
transformer TPO is provided by the transformer LV protection scheme.

At 22 kV a standard pickup setting of 3 kA is set for the feeder TPO.

64 AS60076.5 2012 clause 4.1.3
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9 Feeder Protection

9.4.3.4 Negative Phase Sequence

The purpose of negative phase sequence (NPS) function is to detect and clear unbalanced fault conditions
which do not necessarily involve earth. The NPS elements do not respond to balanced load so they can be
set more sensitively than three phase overcurrent elements.

The NPS function is a hybrid combination of an inverse curve and a definite time function set to 2

seconds. ® Two seconds is therefore the fastest the feeder NPS will clear a fault. Depending on how the
distribution network is configured, it is possible for a non directional NPS element to detect faults on
adjacent feeders. The 2 second operating time allows the protection on the faulted feeder time to clear the
fault. The 2 second operating time is considered acceptable at the lower faults levels cleared by NPS.

The settings are selected to meet the following requirements:
1) Pickups determined by the following limits:
a) Lower limit: The lower limit is calculated from the first recloser settings:

i) The feeder protection must grade with the NPS of the first recloser. Currently NPS is not
typically set on the feeder reclosers.

ii) When NPS is not set in the first recloser, the feeder protection must grade with the over
current setting. This is typically 280 A ® in the metropolitan area. This is contingent on the
upper limit of the pickup not being exceeded.

iii) Allowance for relay errors.

b) Upper limit: Must meet Western Power’s sensitivity requirements. Refer to Section 16 — Protection
Sensitivity.

The expected maximum load shall be distributed along the feeder in the fault analysis study.

2) The NPS hybrid must grade with the recloser IDMT overcurrent at the current corresponding to the
point where the NPS hybrid curve’s definite time and inverse curve intersect. This assures grading
between the two characteristics at all fault levels. The definite time delay of the hybrid curve must
therefore be specified before computing the time multiplier of the hybrid’s inverse curve. The standard
definite time delay for the feeder NPS is 2 seconds. Refer to Figure 9.1.

65 The present day NPS hybrid function has evolved from early NPS functions which were directional IDMT. In early applications, directionality was
used to avoid tripping healthy feeders supplying NPS contributions to an adjacent, faulted feeder. To avoid loss of discrimination for under VT
failure conditions, elements and logic were employed to convert the NPS to a non-directional function having a 2 second definite time delay
for VT failure. More recently, the complexity of the NPS hybrid function was reduced by removal of the logic for VT failure, resulting in the
present day NPS hybrid function.

67 At some older sites the earth fault pickup is 80 A. This results from a CT ratio of 800 /1 with a relay that has a minimum 10% setting. Modern
relays have a much lower minimum pickup so a 60 A pickup should not be a problem.
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9 Feeder Protection

Figure 9.1 — Negative Phase Sequence Grading
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9.4.3.5 IDMT Earth Fault

The purpose of the IDMT earth fault function is to detect and clear faults involving earth. Settings are
selected to meet the following requirements:

1) Pickups are determined by the following limits:
a) Lower limit: The lower limit is calculated from:
i) The distribution planning engineer specifies the IDMT earth fault pickup specification.

b) Upper limit: Must meet Western Power’s sensitivity requirements. Refer to Section 16 — Protection
Sensitivity.

Because of relay plug setting limitations on older electromechanical relays, the upper limit has
historically been set not to exceed 60 A ®”. The 60 A limit provides a basis for the 72 A transformer
LV IDMT earth fault pickup and the 90 A stand-by earth fault (SBEF) pickup.

2) Time multiplier setting (TMS) is specified by the distribution planning engineer. The protection design
engineer must ensure that:

a) There is adequate coordination with the transformer protection

67 At some older sites the earth fault pickup is 80 A. This results from a CT ratio of 800 /1 with a relay that has a minimum 10% setting. Modern
relays have a much lower minimum pickup so a 60 A pickup should not be a problem.
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9 Feeder Protection

b) No short circuit ratings are exceeded

c) After considering the number of automatic reclose shots on the feeder, there are no thermal limits
exceeded. This includes, but is not limited to, the power transformer and earthing transformer
thermal limits.

d) The total fault clearance time is at most 1 second and considers the operating time considerations
outlined in section 9.4.1.1 when the fault is:

i) Under maximum system conditions
ii) Supplied from only 1 transformer
iii) Bolted and just outside the substation

At many rural zone substations, the transformer has star — delta — star windings with the LV star point
solidly earthed. This ensures enough earth fault current to allow the transformer earth fault protection to
operate. These zone substations may also have single phase systems which can cause unbalance. If the
feeder loads are not balanced, the unbalance current will be detected by the transformer earth fault relay.
It is important to ensure adequate grading between the transformer and feeder IDMT earth fault
protection schemes taking this additional unbalance current into account.

9.4.3.6 Sensitive Earth Fault

The purpose of the sensitive earth fault (SEF) function is to detect and clear very high resistance, low level
fault conditions involving earth.

The distribution system is composed of feeders originating at zone substations and feeding radial networks
of 33,22, 11 or 6.6 kV / 415V delta star transformers. Earth reference is provided at the originating
substation by either earthing transformers or solid earthing. This arrangement makes possible the
application of sensitive earth fault protection to cover the distribution network. SEF need only be set above
zero sequence charging currents, or as necessary to provide coordination with other distribution protection
devices. SEF does not respond to zero sequence currents associated with the 415 V networks because the
delta star transformers isolate these currents.

The settings are selected to meet the following requirements:

1) The distribution planning engineer specifies the pickup and time delay. The protection design engineer
must ensure that the settings take into account the relay and timer errors.

2) The distribution planning engineer will advise the protection design engineer if SEF is normally in
service or out of service by the network operations control centre (NOCC). If SEF is not normally to be
selected into service by NOCC, standard settings of 9 amp pickup and 11 second time delay are applied.
The setting order and grading sheet must state that this function is to be normally selected out of
service by NOCC. This arrangement allows NOCC to bring SEF into service if a need arises.

9.4.3.7 Switch On To Fault

The purpose of the switch on to fault (SOTF) function is to detect and clear closure of the associated circuit
breaker onto a set of working earths applied to the feeder at, or very near, the zone substation.

SOTF comprises a single phase instantaneous overcurrent element and associated logic. SOTF can be
summarised as follows:
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9 Feeder Protection

1) The SOTF function shall be “armed” when the circuit breaker has been opened and the standard SOTF
enable time of 60 seconds has elapsed. The circuit breaker is determined to be open when:

a) Currentis below a set level in all phases and
b) The circuit breaker auxiliary contacts indicate that the circuit breaker is open

2) The SOTF function shall be "disarmed" when the circuit breaker has been closed and the standard SOTF
duration time of 0.6 seconds has elapsed. The circuit breaker is determined to be closed when:

a) Currentis above a set level in at least one phase or
b) The circuit breaker auxiliary contacts indicate that the circuit breaker is closed

3) SOTF shall be voltage restrained when a VT is available. Restraint for load inrush conditions and VT
failure is provided by a voltage element. Restraint for VT failure is provided by logic. Refer to section
9.4.3.13.
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9 Feeder Protection

9.4.3.7.1 SOTF Settings
The SOTF settings are selected to meet the following requirements:
1) Pickups are determined by the following limits:
a) The lower limit of the setting is calculated from:
i) Overcurrent pickup

ii) A margin. The SOTF margin ensures that the pickup of SOTF is above the maximum intended
steady state feeder load. This avoids the sequential event buffer being filled with uninteresting
changes. The SOTF margin is normally set to 130% of the feeder load.

iii) Relay errors.

In practice, a small setting may be acceptable, if a very secure restraint for cold load inrush and
VT failure conditions is possible .

b) Upper limit: Must meet Western Power’s sensitivity requirements. Refer to Section 16 — Protection
Sensitivity.

2) Phase under voltage pickup. All phase voltages must be below this setting for the phase under voltage
function to pickup. The phase under voltage pickup must be:

a) Above a lower boundary just above zero. The lower the pickup is set, the less effective the SOTF
function will be. If the pickup is set close to zero, only earths placed close to the bus bar will cause
SOTF to operate.

b) Below an upper boundary defined by the voltage sag caused by energising a heavily loaded, healthy
feeder. Analysis of load inrush waveforms recorded on fully loaded feeders shows voltage sag down
to 70% of nominal.

c) A standard setting of 40% of the nominal operating voltage has been used with success. This
setting:

i) Permits working earths within the radius of interest to be detected

ii) Differentiates between load inrush current and fault current caused by working earths

9.4.3.8 Circuit Breaker Failure

The purpose of the circuit breaker failure (CB Fail) function is to detect when the tripping of a circuit
breaker fails to clear its contribution to a fault. This can be caused either by the circuit breaker failing to
open or by a small zone fault.

CB Fail was previously called local backup (LBU). While CB Fail is a type of local backup protection, there are
other types of local backup.

Refer to Section 8 — Circuit Breaker Protection for a detailed description of CB Fail.

%8 Historically when voltage restraint was not used a SOTF allowance factor of 3 was used to allow for cold load inrush. A factor up to 6 would have
been used if loads were known to draw large inrushes. Unrestrained SOTF operations have been experienced at settings based on 150% of
maximum load.
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9 Feeder Protection

9.4.3.9 Under Frequency Load Shedding

The purpose of the under frequency load shedding (UFLS) function is to rapidly shed load when system
frequency declines from normal. UFLS attempts to restore balance between load and available generation.
The Technical Rules specify five UFLS stages . Refer to Section 13 — Under Frequency Load Shedding for
more information.

9.4.3.10 Local Metering

Refer to Engineering Design Instruction — Substation Secondary Systems Design for local Metering
requirements.

9.4.3.11 Remote Metering

Remote Metering of all 3 phase and neutral currents is required on all single wire earth return (SWER)
feeders. This is to allow the distribution engineer to monitor out of balance conditions. Three phase and
neutral currents are monitored on all other feeders for standardisation. Refer Engineering Design
Instruction — Substation Secondary Systems Design for remote Metering requirements.

9.4.3.12 Delayed Automatic Reclose

The purpose of the delayed automatic reclose (DAR) function is to automatically restore supply following a
transient fault.

Delayed automatic reclose must be taken out of service when:
1) The operator selects the local / remote switch on the circuit breaker to the local position
2) The circuit breaker mechanism is defective

The distribution planning engineer will advise the protection design engineer of the delayed automatic
reclose settings and if it is normally into or out of service by NOCC. If delayed automatic reclose is not
required it is still provided with standard settings. The setting order and grading sheet must state that this
function is normally selected out of service by NOCC. This arrangement allows NOCC to bring delayed
automatic reclose into service if a need arises.

To reduce stress on the primary equipment, DAR is normally not initiated by an instantaneous overcurrent
operation. At remote sites with low fault levels, it may be acceptable to initiate DAR by instantaneous
overcurrent to improve reliability.

Refer to Section 8 — Circuit Breaker Protection for a detailed description of DAR.

9.4.3.13 VT Failure

The purpose of the VT fail function is to distinguish between two distinct conditions. Both of these
conditions result in a disturbance or loss of secondary volts from the VTs to the relay. The two conditions
are:

1) Primary system fault conditions such as:
a) Phase to earth faults

b) Phase to phase faults

69 Technical Rules clause 2.4.1

o8 WEStEHIFIJWEf Uncontrollgd document when printed
© Copyright 2024 Western Power Page 164 of 377
age o)



9 Feeder Protection

c) Three phase faults

The protection relay must determine that a primary fault exists and that there is not a problem with the
VT or secondary wiring. The protection relay must not declare VT failure, or block the operation of
voltage restrained functions.

2) Non primary system fault conditions such as:
a) VT primary isolated by primary switching or primary fuse operation
b) VT secondary disturbed by secondary fuse, or MCB operation
c) Secondary wiring interference
d) Disturbance at the test links
e) Secondary wiring fault

The protection relay must determine that a problem with the VT or secondary wiring exists and that
there is not a primary fault. The protection relay must declare VT failure condition. The protection relay
may need to block the operation of protection functions that are restrained by voltage.

9.4.3.13.1 Alarming

The VT is used for UFLS, SOTF and metering. It is therefore important to alarm for a VT failure. The
protection relay is required to raise a VT fail alarm when:

1) No primary system fault exists and

2) A secondary system fault does exist

9.4.3.14 Circuit Breaker Wear Monitoring

The purpose of the circuit breaker wear function is to assist in the scheduling of circuit breaker
maintenance.

Settings are chosen to allow the relay to calculate and accumulate circuit breaker wear information during
each circuit breaker opening action.

It is important to preserve accumulated breaker monitoring information during routine maintenance.
Therefore it is a requirement that maintenance staff be provided with a means of temporarily disabling the
recording of such data.

Refer to Section 8 — Circuit Breaker Protection for a detailed description of circuit breaker wear monitoring.

9.4.3.15 Trip Circuit Supervision

The purpose of the trip circuit supervision (TCS) function is to supervise the integrity of the circuit breaker
trip coil when the circuit breaker is in either the open or closed state. TCS also supervises the integrity of
some of the associated secondary wiring.

Refer to Engineering Design Instruction — Substation Secondary Systems Design for a detailed description
of TCS.

9.4.3.16 Dynamic Disturbance Recorder

The dynamic disturbance recorder (DDR) must be configured so that the oscillography captures the:
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9 Feeder Protection

1) Pre fault waveforms.
2) Post fault waveforms which include circuit breaker failure operations.

3) Post fault waveforms which include clearance by downstream devices within the main protection
system operating zone.

9.4.3.17 Sequence of Events Recorder

The sequence of events recorder (SER) monitors what occurs within the relay during both normal operation
and faults. When the SER is triggered, a record is created of these events. A protection trip must trigger the
SER.

To simplify the event record and minimise the chance of the relay failing, the following guidelines must be
followed when choosing what is to appear in the SER:

Do not include word bit outputs of directional elements

Do not include word bits that may change state frequently under normal conditions, or near the edge of
such conditions

9.4.3.18 Time Synchronisation

The protection relays must be configured to receive the Irig B time code or the SNTP time signal when
available. The Irig B clock and the SNTP server provide accurate time stamping for fault events. Irig B is
more accurate and preferred when no additional wiring is required.

Irig B is standard for all DNP relays. Irig B is standard on IEC61850 relays when additional wiring is not
required (e.g. zone substation HV relays). When additional wiring is required SNTP is used (e.g. zone
substation LV relays).

9.4.3.19 Defective Alarms

Protection defective means the protection scheme is defective. At DNP sites this is hardwired from the IED
to the RTU and means that the IED is defective. At IEC61850 sites it includes failure of the IEC61850
signalling.

Device defective means that the hardware is defective. Examples include IEDs, controllers and gateways.

Defective alarms use normally open contacts when hardwired.
9.4.4 Main Protection System Site Specific Functions

9.4.4.1 Multiple Setting Groups

The purpose of multiple setting groups is to allow the controllers or switching operators to change relay
settings when required for different distribution system configurations.

9.4.4.2 High Impedance

The purpose of the high impedance (HIZ) function is to detect arcing faults. These typically arise when a
feeder conductor makes contact with a high resistance object or surface such as falling onto dry sand. If an
arcing fault is found to be continuous a trip is issued. If an arcing fault is found to be intermittent, an alarm
indicating required maintenance is sent to the Network Operations Control Centre (NOCC).
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9 Feeder Protection

9.4.5 Second Protection System Standard Functions

9.4.5.1 IDMT Overcurrent

The type of second protection system will determine the discrimination requirements with the main
protection system. If the second protection system is a:

1) The transformer LV protection system. The second protection system must discriminate with the feeder
main protection system.

2) Anindependent feeder protection scheme tripping into an independent feeder circuit breaker trip coil.
When automatic reclose is selected in the main protection system relay, it must be initiated by an
operation of the second protection system’s IDMT overcurrent. Under this condition the second
protection is not required to discriminate with the main protection system. This ensures that automatic
reclose is initiated regardless of which protection system operates first.

If the second protection system does not initiate automatic reclose, it must discriminate with the main
protection system. This allows the main protection system to operate first and go through the
automatic reclose cycle.

3) Anindependent feeder protection scheme tripping the busbar circuit breakers. The second protection
system must discriminate with the feeder main protection system.

9.4.5.2 Highset Overcurrent

A high set overcurrent function is required if one critical fault clearance times exist and cannot be met by
the second protection system IDMT overcurrent functions.

9.4.5.3 Circuit Breaker Failure

Circuit breaker failure is required when the second protection system is an independent feeder protection
scheme tripping into an independent circuit breaker trip coil.
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9 Feeder Protection

9.5 Appendix A — Feeder Design Requirements

Functions Operation Indication

Function Name ANSI Initiation Selection Resetting Operation Selection Resetting
A/R | CB Fail Local EPCC Local EPCC Local EPCC Local EPCC Local Self

IDMT Overcurrent 51 Yes Yes Self Yes Yes Yes

Instantaneous overcurrent 50 No* |Yes Self Yes Yes Yes

Transformer paralleling overcurrent 50 Yes Yes Yes Self Yes Yes Yes Yes Yes

Negative phase sequence 46 Yes Yes Self Yes Yes Yes

IDMT earth fault 64 Yes Yes Yes Yes Self Yes Yes Yes Yes Yes

Sensitive earth fault 64 Yes Yes Yes Self Yes Yes Yes Yes Yes

Switch on to fault SOTF Yes Self Yes Yes Yes

Circuit breaker failure 52 Latched Yes Yes Yes

UFLS (Circuit stage selection) Yes Yes Yes Yes

UFLS (Tripping) 81 Latched Yes Yes Yes Yes

Local metering HMI

Remote metering 77

Delayed automatic reclose 79 Yes Yes Self Yes Yes Yes Yes Yes

VT failure 47 Yes Yes Yes

Circuit breaker wear monitoring 94.1 Yes Yes

Trip circuit supervision TCM Yes Yes Yes

Dynamic disturbance recorder DDR
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9 Feeder Protection

Sequence of events recorder SER

Time synchronism defective CLK Yes

Protection defective Self Yes Yes Yes
Device defective Self Yes Yes Yes
Circuit breaker mechanism defective Block Self Yes Yes Yes
Multiple setting groups Yes Yes Yes Yes

High impedance HIZ Yes Yes Self Yes Yes Yes Yes

Note: Grey areas signify ‘No’ or ‘Not Applicable’
Note: Relay Resetting includes both contact and word bit resetting

Note: The intent of this table is to provide the protection design and settings engineer with a standard to follow when configuring the main protection relay. It is
not intended to capture all local and remote operation and indication which may be present (eg. trip relay and MCB flags)

Note: * At remote sites with low fault levels it may be acceptable to initiate A/R with instantaneous overcurrent. Refer to section 9.4.3.12.
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9.6 Appendix B — Roles and Responsibilities
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9 Feeder Protection

9.7 Appendix C— Operating Zones

The following drawing demonstrates the main protection system and the second protection system

operating zones.
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10 Capacitor Banks Protection

10 Capacitor Banks Protection

10.1 Introduction
The purposes of this section are to:

1) Define at a high level the functional requirements for capacitor bank protection in Western Power zone
substations and terminal stations

2) Capture information which explains the reasoning behind the capacitor bank protection design and
settings

10.2 Scope

This section applies to capacitor bank circuits within a Western Power zone substation or terminal
substations.

10.3 Functional Requirements

The functional requirements of capacitor bank protection systems are:

1) Detect and clear faults in the operating zone.

2) Detect and clear faults within times specified by the Technical Rules.

3) Coordinate with upstream protection systems.

4) Clear faults within the thermal limits of associated primary plant.

5) Prevent access to the capacitor bank until it has had time to discharge for a specified time.

6) Send an alarm to EPCC when the capacitor bank requires replacement of individual cans.

10.4 Capacitor Bank Protection

10.4.1 Introduction

The main purpose of the capacitor bank protection system is to minimise danger to staff and loss of supply
by clearing faults on the capacitor bank. Other purposes include control and monitoring to facilitate
operation of the capacitor bank.

Capacitor banks can be connected to busbars or transformer tertiary windings.

10.4.1.1 Capacitor Bank Configurations

Shunt capacitor banks are made up of a number of standard units which are also called cans. The units are
connected together in series and parallel to give the MVAr and voltage ratings of the bank. The nominal
rating of all units in a capacitor bank is the same, however measured values will differ. The manufacturer
uses the measured values to assemble the capacitor bank in such a way to minimise the out of balance
current. A typical unit contains a number of elements, and these elements may or may not be separately
fused. Unfused units are used in high voltage capacitor banks with many units in series and no intermediate
interconnections between branches. Figure 10.1 shows a typical unit:
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10 Capacitor Banks Protection

Figure 10.1 — Typical capacitor unit
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Reactors (inductors) may also be included in each phase of a capacitor bank to limit inrush currents or
provide tuning. Reactor ratings are typically on the order of 5% of the capacitor bank rating. These reactors

are typically of the air core type. Capacitor banks can be configured as plain banks, detuned banks or filter
banks with or without external fuses.

The following examples are standard capacitor banks configurations used in Western Power.

10.4.1.1.1 Star - Star Configuration

Star — star is the current configuration for new capacitor banks at all voltage levels. An advantage of this

configuration is that only 1 unbalance CT is required on the neutral connecting the two sides. Figure 10.2
below shows a typical star — star configuration.
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Figure 10.2 — Star-star capacitor bank
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The capacitor is designed such that:
1) The sum of the phase currents in the left side equals 0
2) The sum of the phase currents in the right side equals 0

Under normal conditions there is no current flowing through the neutral connection. Individual elements
fail as the capacitor ages. The reactance of the phase with the failed element changes and an unbalance
current develops. The unbalance current is used to detect the element failures.

10.4.1.1.2 Split Phase Star

Split phase star capacitor banks are not currently being installed, but are found throughout the system. A
disadvantage of this configuration is that an unbalance CT is required for each phase.

10.4.1.1.3 Split Phase Delta

Split phase delta capacitor banks are not being installed often, but are found throughout the system. A
disadvantage of this configuration is that an unbalance CT is required for each phase to phase section.

10.4.1.1.4 Star with VT Protection

Star capacitor banks are not currently being installed, but are found throughout the system. This
configuration usually has two units in series per phase with a VT connected in parallel with each. A
disadvantage of this configuration is that an unbalance VT is required for each phase.

10.4.2 Design Requirements

Standard functions are provided on all capacitor bank circuits to assist with standardisation of protection
design and setting files. Site specific functions are provided at the discretion of the protection design
engineer.

Section 10.5 outlines the design requirements for standard functions and site specific functions.
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10 Capacitor Banks Protection

10.4.2.1 Residual Current

Residual current measurement of the phase CTs by summing the phase vectors is acceptable if a neutral
element is not available. The neutral element may not be available if it is used to measure the unbalance
current.

10.4.2.2 Relay Reset Requirements
A protection scheme that trips for capacitor bank faults shall:
1) Latch

2) Retain its state when powered down

10.4.2.3 Load Shedding

All capacitor bank circuits in zone substations and terminal stations must be incorporated into under
frequency and under voltage load shedding schemes. The system operators must have the facility to disable
the UFLS or UVLS for individual capacitor banks as required. Refer to Section 13 — Under Frequency Load
Shedding and Section 12 — Under Voltage Load Shedding.

10.4.2.4 Interlocks
The protection systems provide all capacitor bank circuits with interlocks to prevent:

1) Earthing of the capacitor bank before the capacitor bank has discharged. Access to the earthing switch
is controlled via an earth switch discharge timer within the protection relay. This timer is initiated by
the circuit breaker opening and reset by the circuit breaker closing. When the earth switch discharger
timer expires, an output of the protection relay energises the earth switch interlock coil. With the
interlock coil energised and the capacitor disconnected from the system, the switching operator can
earth the capacitor bank.

2) Access to the capacitor bank compound before the capacitor bank has discharged. At new sites, when
the capacitor bank earth switch is closed and the circuit breaker open, the capacitor bank compound
gate key is released.

At some older sites an earth switch may not be present. In these cases the state of the circuit breaker
controls the time delay and access to the capacitor bank compound.

At brownfield sites that do not have a protection relay capable of performing the time delay, an
external timer is required. Refer to Section 10.9.

3) Closing the capacitor bank circuit breaker

a) Until after the key allowing access to the capacitor bank compound key is returned to the interlock
device

b) Until after the capacitor bank has discharged

10.4.2.4.1 Indication

Indication to EPCC is required when:
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10 Capacitor Banks Protection

1) The compound gate key has been released.

2) The circuit breaker is ready to be closed. This includes the compound gate key being returned to its
capture mechanism.

10.4.2.4.2 Indoor Switchboards

Racking the capacitor bank circuit breaker out of service disconnects the circuit breaker auxiliary contacts
from the protection relay. The protection relay interprets the status of the circuit breaker as closed which
resets the earth switch discharge timer. An input from circuit breaker service position switch is included in
the protection relay logic to avoid resetting the earth switch discharge timer.

10.4.2.5 Point on Wave Switching

Capacitor banks connected at 66 kV & 132 kV have large MVAr ratings which can cause an excessive voltage
step when switched. A large voltage step results in excessive circuit breaker contact wear. Point on wave
switching of independent circuit breaker poles reduces this voltage step.

10.4.3 Main Protection System Standard Functions

The following standard functions are provided for all capacitor bank applications.

10.4.3.1 IDMT Overcurrent

The purpose of IDMT overcurrent is to clear 3 phase faults. IDMT overcurrent is not deliberately limited to 3
phase fault conditions and may also respond to faults involving heavy unbalance and/or earth faults. IDMT
overcurrent protects the capacitor bank against faults which the instantaneous overcurrent protection is
unable to detect. IDMT overcurrent is not intended to give protection against overloads due to over voltage
or increased frequency.

The settings are selected to meet the following requirements:
1) Pickups determined by the following limits:
a) Lower limit: The lower limit is calculated from:
i) The rated current of the capacitor bank.
ii) An additional margin.
iii) Allowance for relay errors.

iv) CT errors are small and complex. Upper limit: Must meet Western Power’s sensitivity
requirements.

A standard setting of 1.3 times the capacitor rated current at the capacitor rated voltage has been used
successfully in the past.

2) A standard time multiplier setting (TMS) of 0.05, in conjunction with a standard inverse IDMT curve, has
been used successfully in the past. The protection engineer must ensure that:

a) There is adequate coordination with the transformer protection
b) No short circuit ratings are exceeded

c) The total fault clearance time meets the Technical Rules requirements.
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10 Capacitor Banks Protection

10.4.3.2 Instantaneous Overcurrent

The purpose of instantaneous overcurrent is to clear high current, 3 phase and phase to phase faults. In
general, the metropolitan distribution system is earthed via earthing transformers which limit the earth
fault levels. The instantaneous overcurrent function will therefore not respond to earth faults.

The instantaneous overcurrent must be set high enough to avoid operation for capacitor inrush currents.
The magnitude of the inrush current depends on:

1) System fault level
2) X/Rratio
3) Capacitor rating

Instantaneous overcurrent is generally only capable of detecting faults within the first five to ten percent of
the capacitor bank. Faults further into the bank are cleared by the slower overcurrent and unbalance
protection. The slower clearance is acceptable because the impedance of the capacitor limits the fault
current. The system can withstand slower fault clearance times for these lower fault currents.

Standard settings are:
1) Pickup = 6 x capacitor bank current rating

2) Time delay = 0 seconds

10.4.3.3 IDMT Earth Fault

The purpose of IDMT earth fault is to clear faults involving earth. Settings are selected to meet the following
requirements:

1) Pickup:
a) Lower limit

i) Because the capacitor bank is not earthed, the IDMT earth fault protection is not required to
grade with other protection systems. The pickup can therefore be set to the minimum setting.

b) Upper limit: Must meet Western Power’s sensitivity requirements.

2) Time multiplier setting (TMS). A standard setting of 0.1 has been used successfully in the past. The relay
will operate in a definite minimum time of approximately 200 milliseconds when set to the minimum
pickup. This is considered acceptable because:

a) Complete saturation for 10 cycles is unlikely.
b) Reactors limit inrush current (in new installations)

c) ATMS of 0.1 has not resulted in an inrush operation in the past.

10.4.3.4 Capacitor Out of Balance Protection

Capacitor out of balance (COOB) protection detects an unbalance current flowing between the left and
right sides of a capacitor bank. The unbalance current results from individual elements failing which
changes the impedance of the side with the failed element. The COOB protection alarms and trips the
capacitor before over voltages can damage healthy units.
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10.4.3.4.1 COOB Alarm Settings

A COOB alarm is included on all capacitor bank installations to provide indication of the presence of faulty
units. The COOB alarm level is chosen to alert the operators of the need to disconnect the capacitor bank
before a catastrophic failure occurs.

The COOB alarm asserts at the point where one additional element failure results in the capacitor tripping.
This setting is considered acceptable for the following reasons:

It is Western Power practice to immediately open a capacitor bank circuit for an unbalance alarm. An
investigation is initiated to find the cause of the alarm. There is little risk to the capacitor as it will only be in
operation for a few minutes after the alarm has arisen.

The trip setting provides adequate protection should an additional element fail before the capacitor can be
manually taken out of service. There is sufficient redundancy in the system to allow a bank to be out of
service unexpectedly.

Increased element failure makes detecting the faulty unit easier. This is especially important for
asymmetrical capacitor banks where alarm and trip settings are based on the side first reaching the trip
threshold. This threshold may be reached after only a few element failures. It is therefore important to
allow as many to fail as possible before alarming.

10.4.3.4.2 COOB Trip Settings
The manufacturer’s recommendation for the trip setting is adopted provided that:
1) The voltage across a unit does not exceed 1.1 per unit

2) The voltage across any row within a unit does not exceed 2.0 per unit

10.4.3.5 Circuit Breaker Failure

The purpose of circuit breaker failure (CB Fail) is to clear a fault when tripping a circuit breaker fails to clear
its contribution to a fault. Failure to clear the fault contribution can be caused either by the circuit breaker
failing to open or by a small zone fault.

Refer to Section 8 — Circuit Breaker Protection for a detailed description of CB Fail.
10.4.3.6 Earth Switch Discharge Timer

Standard setting for the earth switch discharge timer is 10 minutes.

10.4.3.7 Local Metering

Refer to Engineering Design Instruction — Substation Secondary Systems Design for local metering
requirements.

10.4.3.8 Remote Metering

Refer to Engineering Design Instruction — Substation Secondary Systems Design for remote metering
requirements.

10.4.3.9 VT Failure

The purpose of VT failure is to distinguish between two distinct conditions. Both of these conditions result
in a disturbance or loss of secondary volts from the VTs to the relay. The two conditions are:
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1) Primary system fault conditions such as:

a) Phase to earth faults

b) Phase to phase faults

c) Three phase faults

Under these conditions the relay must recognise that a primary fault exists and operate.
2) Non primary system fault conditions such as:

a) VT primary isolated by primary switching or primary fuse operation

b) VT secondary disturbed by secondary fuse, or MCB operation

c) Secondary wiring interference

d) Disturbance at the test links

e) Secondary wiring fault

Under these conditions the relay must recognise that a fault does not exist and not operate. The
protection relay may need to take steps to restrain some protection functions.

10.4.3.9.1 Alarming

The VT is used for SOTF restraint so it is important to alarm for a VT failure. The protection relay is required
to raise a VT Fail alarm when:

1) No primary system fault exists and

2) Asecondary system fault exists

10.4.3.10 Circuit Breaker Wear Monitoring
The purpose of circuit breaker wear monitoring is to assist in the scheduling of circuit breaker maintenance.

Settings are chosen to allow the relay to calculate and accumulate circuit breaker wear information during
each circuit breaker opening action. While circuit breaker wear is more dependent on closing for capacitor
applications, the opening information is still useful in predicting maintenance requirements.

Refer to Section 8 — Circuit Breaker Protection for a detailed description of circuit breaker wear monitoring.

10.4.3.11 Trip Circuit Supervision

The purpose of trip circuit supervision (TCS) is to supervise the integrity of the circuit breaker trip coil. The
trip coil is supervised when in both the open and closed state. TCS also supervises the integrity of some of
the associated secondary wiring

Refer to Engineering Design Instruction — Substation Secondary Systems Design for a detailed description
of TCS.

10.4.3.12 Dynamic Disturbance Recorder
The dynamic disturbance recorder (DDR) must be configured so that the recorder captures the:

1) Pre fault waveforms.
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2) Post fault waveforms which include circuit breaker failure operations.

3) Post fault waveforms which include clearance by downstream devices within the main protection
system operating zone.

4) Capacitor bank circuit breakers occasionally have re-strike failures within 200 milliseconds of the circuit
breaker opening.

10.4.3.13 Sequence of Events Recorder

The sequence of events recorder (SER) monitors what occurs within the relay during both normal operation
and faults. When the SER is triggered, a record is created of these events. A protection trip must trigger the
SER.

To simplify the event record and minimise the chance of the relay failing, the following guidelines must be
followed when choosing what is to appear in the SER:

1) Do not include word bit outputs of directional elements

2) Do notinclude word bits that may change state frequently under normal conditions, or near the edge
of such conditions

10.4.3.14 Time Synchronisation

The protection relays must be configured to receive the Irig B time code or the SNTP time signal when
available. The Irig B clock and the SNTP server provide accurate time stamping for fault events. Irig B is
more accurate and preferred when no additional wiring is required.

Irig B is standard for all DNP relays. Irig B is standard on IEC61850 relays when additional wiring is not
required (e.g. zone substation HV relays). When additional wiring is required SNTP is used (e.g. zone
substation LV relays).

10.4.3.15 Defective Alarms

Protection defective means the protection scheme is defective. At DNP sites this is hardwired from the IED
to the RTU and means that the IED is defective. At IEC61850 sites it includes failure of the IEC61850
signalling.

Device defective means that the hardware is defective. Examples include IEDs, controllers and gateways.

Defective alarms use normally open contacts when hardwired.
10.4.4 Main Protection System Site Specific Functions

10.4.4.1 Distribution System

There are no site specific functions for capacitor banks installed at distribution system voltage.

10.4.4.2 Transmission System
10.4.4.2.1 Over Voltage Tripping

Over voltage tripping may be provided for 66 kV & 132 kV capacitor banks. This protects the capacitor bank
an over voltage condition and removes the MVAr source which contributes to the over voltage condition.
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The requirement for this function is determined by system simulations, transmission planning and system
operations.

10.4.4.2.2 Under Voltage Closing

An under voltage closing function may be required on 66 kV & 132 kV capacitor banks. This control function
responds to an under voltage conditions and switches in capacitor banks to provide additional MVAr
support for the system.

The requirement for this function is determined by system simulations, transmission planning and system
operations.
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10.5 Appendix A — Capacitor Bank Design Requirements

Functions Operation Indication

Function Name ANSI Initiation Selection Resetting Operation Selection Resetting
A/R | CB Fail Local EPCC Local EPCC Local EPCC Local EPCC Local Self

IDMT Overcurrent 51 Yes Latched Yes Yes Yes

Instantaneous overcurrent 50 Yes Latched Yes Yes Yes

IDMT earth fault 64 Yes Latched Yes Yes Yes

Circuit breaker failure 52 Latched Yes Yes Yes

UFLS (Circuit stage selection) Yes Yes Yes Yes

UFLS (Tripping) 81 Latched Yes Yes Yes Yes

Local metering HMI

Remote metering 77

VT failure 47 Latched Yes Yes Yes

Circuit breaker wear monitoring 94.1 Yes Yes

Trip circuit supervision TCM Self Yes Yes Yes

Dynamic disturbance recorder DDR

Sequence of events recorder SER

Time synchronisation CLK Yes

Protection defective Self Yes Yes Yes

Device defective Self Yes Yes Yes

Circuit breaker mechanism defective Self Yes Yes Yes
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Capacitor out of balance (trip) 60 Yes Latched Yes Yes Yes
Capacitor out of balance (alarm) 60 Self Yes Yes Yes
Earth switch enable timer 62 Self Yes Yes Yes
Over voltage trip 59 Latched Yes Yes Yes
Under voltage close 27 Latched Yes Yes Yes

Note: Grey areas signify ‘No’ or ‘Not Applicable’

Note: Relay Resetting includes both contact and word bit resetting
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10.6 Appendix B — Roles and Responsibilities
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10.7 Appendix C — Electrical Model of the Capacitor bank
Reactors must be included in studies.
An electrical model of the capacitor bank is constructed to achieve the following:

1) Confirm the interpretation of the manufacturer's data sheets and drawings. It is standard practice to
confirm:

a) The overall connections of the capacitor bank
b) The branches and internal structures of the units by carrying out unbalance calculations
c¢) Compare results to those shown in the manufacturer's unbalance calculation.

2) Study unbalance conditions to determine suitable COOB alarm and trip settings.

3) Study of unbalance conditions that may be applied on site during commissioning to verify correct
assembly of the capacitor bank.

4) The capacitor bank must be modelled in sufficient detail to enable progressive failure of elements to be
studied. This is usually involves modelling:

a) Units or groups of units in each of the phases

b) One or more units in sufficient detail to simulate progressive element failures.

10.7.1 Formula

The capacitor bank ratings may be influenced by other components or the physical layout of the capacitor
bank. The capacitor bank rating therefore does not necessarily relate to the actual reactance of a given unit.
The calculations must therefore be based on the ratings of the individual units.

The following formulas are used in the model:

1) Capacitor bank unit reactance

. 2
—J (kVunit—rated)
Xunit = ohms
MVarynit—rated

2) Capacitor bank row reactance

Xunit
Xyow = ————o0hms
units/row

3) Capacitor bank branch reactance
Standard series and parallel network analysis is used to determine branch reactance.
4) Series reactor (inductor) reactance

Xreactor = J(2 X m X f) X Inductance(mH) & ohms

10.7.2 Required Studies

The following must be considered when determining the required capacitor bank studies:
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1) Because the manufacturer’s data is given in terms of the capacitor bank rating, a study must be carried
out at capacitor bank rated voltage and current. Capacitors are linear devices so the study results can
then be scaled to nominal operating voltage.

2) When the capacitor bank is asymmetrical the manufacturer performs one unbalance study for one side
of the capacitor bank. Because Western Power does not always adopt the manufacturer's alarm
setting, unsymmetrical banks must be studied for failures on both sides.
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10.8 Appendix D — Advantages / Disadvantages
10.8.1 Distribution Second Protection Systems

10.8.1.1 Second Capacitor Main Protection System

Used when a second capacitor bank CT core and circuit breaker trip coil are available for a second main
protection scheme.

1) Advantages of this option are:

a) Only the faulted capacitor bank circuit breaker is removed from service. This limits the number of
circuits removed from service when the capacitor bank main protection system is out of service.

b) Easy conversion to a feeder circuit if required in the future.

2) A disadvantage of this option is that a second protection relay, CT core and circuit breaker trip coil.

10.8.1.2 Transformer LV Protection System

If a second capacitor bank CT core and circuit breaker trip coil are not available the transformer LV
protection system can be used to backup the capacitor main protection system.

1) Advantages of this option are:
a) It takes advantage of existing primary and secondary equipment

b) The second protection system’s circuit breaker mechanism is independent from the main
protection system’s circuit breaker mechanism

2) Disadvantages of this option are:

a) An operation removes all of the feeders and capacitor banks supplied from the transformer from
service

10.8.1.3 Low Impedance Busbar Protection Providing Backup

When options 1 and 2 are not feasible the backup facility of low impedance busbar relays can be used to
trip the transformer LV circuit breaker.

1) Advantages of this option are:
a) Itcan be installed at site where options 1 & 2 are not possible
b) It may be able to take advantage of primary and secondary equipment required for other circuits

c) The second protection system’s circuit breaker mechanism is independent from the main
protection system’s circuit breaker mechanism

2) Adisadvantage of this option is an operation removes all feeder and capacitor bank circuits connected
to the busbar from service
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10.9 Appendix E — Interlocking

10.9.1 External Timers

Brownfield sites without numerical relays have external timers to perform the interlock time delay °.
Interlock systems using external timers have the following components:

1) Key switch located on the protection panel. The key switch has the following functions:
a) When the key switch key is inserted, closing of the circuit breaker is allowed
b) When the key switch key is removed, a standing trip is applied to the circuit breaker

2) External timer. The external timer receives the key switch key and captures and releases the capacitor
bank gate key.

10.9.2 Access the Capacitor Bank
The following steps are taken to access the capacitor bank:

1) The key switch key is removed from the key switch located on the protection panel. Removing the key
from the key switch puts a standing trip on the circuit breaker and prevents closing of the circuit
breaker.

2) The key switch key is inserted into the external timer.

3) After atime delay of 5 minutes, the capacitor bank gate key is released from the external timer and can
be used to open the capacitor bank gate.

10.9.3 Restoring the System
The following steps are taken to restore the interlock system:

1) The capacitor bank gate key is removed from the capacitor bank gate and inserted in the external
timer. This releases the key switch key.

2) The key switch key is then inserted in the key switch located on the protection panel. Inserting the key
in the key switch removes the standing trip and allows the circuit breaker to be closed.

10.9.4 Supplies
External timers are supplied by 240V AC and are independent from the protection panel supplies.

The key switch located on the protection panel is supplied by the protection panel supply.

70 Fortress Interlocks are an example of interlocks using external timers
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11 Reactor Banks Protection

11 Reactor Banks Protection

11.1 Introduction
The purposes of this section are to:

1) Define at a high level the functional requirements for reactor protection in Western Power zone
substations and terminal stations

2) Capture information which explains the reasoning behind the reactor protection design and settings

11.2 Scope

This section applies to reactor bank circuits within a Western Power zone substation or terminal
substations.

11.3 Functional Requirements

The functional requirements of reactor bank protection systems are:

1) Detect and clear faults in the operating zone.

2) Detect and clear faults within times specified by the Technical Rules.
3) Coordinate with upstream protection systems.

4) Clear faults within the thermal limits of associated primary plant.

5) Prevent access to the reactor bank when equipment not fully isolated.

11.4 Reactor Bank Protection

11.4.1 Introduction

The main purpose of the reactor bank protection system is to minimise danger to staff and loss of supply by
clearing faults on the reactor bank. Other purposes include control and monitoring to facilitate operation of
the reactor bank.

Reactors banks can be connected to transmission lines (in series or shunt), HV and LV busbars or
transformer tertiary windings.

11.4.1.1 Reactor Configurations

In Western Power network, shunt reactor installation predominates the series reactors. Shunt reactors are
generally used to regulate the voltage on the network via consuming reactive power from the grid whereas
series reactor is to limit fault current to an acceptable level within the equipment withstand capability. The
most common reactor configuration in the network are as follows:

1) Star Unearthed Shunt Reactors
2) Star Solidly Earthed Shunt Reactors

3) Series Reactors
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11 Reactor Banks Protection

11.4.1.1.1 Star Unearthed Shunt Reactor Configuration

Star unearthed shunt reactors are generally applied on lower voltage system (33 kV and below) or
distribution network. In new installations, dry type / air core shunt reactors are favoured at this voltage
level due to the benefit of lower initial and maintenance cost. Although on some older installation, oil-
immersed reactors (one or multiple bank) are still present.

The dry type, air core reactors are single phase units (3) connected (banked) in star to form one three
phase unit. The disadvantage of dry type reactors are the limitations on kVA and voltage ratings and the
high intensity external magnetic field. In practice, star unearthed shunt reactors are attached to the LV
busbar or the tertiary delta winding of the transformer via a circuit breaker/s.

11.4.1.1.2 Star Solidly Earthed Shunt Reactor Configuration

Star solidly earthed reactors are generally applied on high voltage system (66 kV and above) or
transmission network. At this voltage level, oil-immersed type shunt reactors are preferred due to higher
insulation requirements.

Oil-immersed reactors can be constructed either a single phase or three phase bank, iron core or core less
type which can be very similar to the external appearance of conventional power transformers. This type of
reactor can also be equipped with tap changers (variable shunt reactors) for greater flexibility and effective
control in absorbing reactive power. In practice, star solidly earthed shunt reactor banks (three phase) are
connected on one (or both) end of a long transmission line or the HV busbar/s via a circuit breaker.

11.4.1.1.3 Series Reactor Configuration

Series reactors are generally applied on high voltage system (66 kV and above) or transmission network
that is intended to limit fault current to an acceptable level within the equipment short circuit rating. In
normal operation, continuous current flow through the reactors.

Generally, series reactors in Western Power network are dry type and air core (core less) in construction. In
practice, series reactors are connected or tied between two HV busbars.

11.4.2 Design Requirements

Standard functions are provided on all reactor bank circuits to assist with standardisation of protection
design and setting files. Site specific functions are provided at the discretion of the protection design
engineer.

Section 11.5 outlines the design requirements for standard functions and site specific functions.

11.4.2.1 Residual Current

Residual current measurement of the phase CTs by summing the phase vectors is acceptable if a neutral
element is not available.

11.4.2.2 Relay Reset Requirements
A protection scheme that trips for reactor bank faults shall:

1) Latch

= s wgstgrnpuwer Uncontrollgd document when printed
© Copyright 2024 Western Power o 190 of 377
age o)
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11.4.2.3 Load Shedding

All shunt reactor bank circuits in zone substations and terminal stations (except connected on HV) must be
incorporated into under frequency and under voltage load shedding schemes. The system operators must
have the facility to deselect the UFLS or UVLS for individual reactor banks as required. Refer to Section 13 —
Under Frequency Load Shedding and Section 12 — Under Voltage Load Shedding.

11.4.2.4 Interlocks

The protection systems provide all reactor bank circuits with interlocks to prevent:

1)

2)

Access to the reactor bank compound when the reactor is not fully isolated.

At sites with outdoor switching equipment, the reactor bank compound gate key is released from the
protection panel when both circuit breaker and disconnector are open and the release timer within the
protection relay expires.

At sites with indoor switching equipment (e.g. switchboard), the reactor compound gate key is released
when the earth switch is closed. At some sites, access to the earthing switch requires a key to be able
to operate the earth switch. Normally, the earth switch key is captive in the protection panel. The key is
released when the output of protection relay energises the earth switch key interlock coil which is
initiated by the circuit breaker opening, removing the circuit breaker from service (e.g. racked out, test
position) and the release timer within the protection relay expires. With the interlock coil energised
and reactor bank disconnected from the system, the earth switch key can be removed from the panel
and used to release the deadbolt on the earthing switch thereby the switching operator is able to earth
the reactor circuit.

At some sites, earth switch key is not present where there is earth switch blocking magnet (particularly
ABB switchboard). In this case the earth switch can be closed when the output of protection relay
energises the earth switch blocking magnet.

At brownfield sites that do not have a protection relay capable of performing the release timer, an
external timer is required. Refer to Section 11.8.

Closing the reactor bank circuit breaker

Until after the key allowing access to the reactor bank compound key is returned to the interlock device
or capture mechanism.

N.B: Requirement for gated compound on reactor banks is determined on a case to case basis, hence not all
reactor bank installation will have this facility (e.g. HV oil-immersed shunt reactors).

11.4.2.4.1 Indication

Indication to EPCC is required when:

1)

2)

The compound gate key has been released.

The circuit breaker is ready to be closed. This includes the compound gate key being returned to its
capture mechanism.

11.4.2.4.2 Indoor Switchboards

Racking the reactor bank circuit breaker out of service disconnects the circuit breaker auxiliary contacts
from the protection relay. The protection relay interprets the status of the circuit breaker as closed which
resets the earth switch key (or earth switch blocking magnet for ABB switchboard) release timer. An input
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11 Reactor Banks Protection

from circuit breaker service position switch is included in the protection relay logic to avoid resetting the
earth switch key (or earth switch blocking magnet) release timer.

11.4.2.4.3 Two Breakers In Series

Generally, reactors connected on the LV system are preferred to be switched with one (1) three phase
circuit breaker same as with other LV circuits (e.g. feeder, capacitor banks, etc.). However, this is not always
the case specially on brownfield sites where the possibility to connect the reactors is limited to an existing
LV switchboard. Due to the negative impact (e.g. premature ageing, contact wear, etc.) of high transient
recovery voltage (TRV) on the switchboard circuit breaker when switching a reactor without an option to
replace the existing circuit breaker, an additional outdoor circuit breaker with TRV rating above the
prospective transient recovery voltage is installed and connected in series with the switchboard circuit
breaker to minimise the impact on the said equipment.

Both the series connected switchboard and outdoor circuit breaker shall be controlled by a singular local
and remote control facility. In this case, the design for interlocking must adhere to the following guidelines:

1) Local and/or remote trip (excluding protection trip) of the switchboard circuit breaker is allowed when
the outdoor circuit breaker is open.

2) Regardless of the position of the outdoor circuit breaker if the issued trip command originated from the
relay fault protection elements, the switchboard circuit breaker must be tripped. However, the trip
signal must be time delayed not to exceed 200 milliseconds to allow the outdoor circuit breaker to
operate first. No trip signal time delay is required to the outdoor circuit breaker from trip commands
originated from relay fault protection elements.

3) Local and/or remote close of the switchboard circuit breaker is allowed when the outdoor circuit
breaker is open.

4) Local and/or remote close of the outdoor circuit breaker is allowed when the switchboard circuit
breaker is closed.

11.4.2.5 Point on Wave Switching

Reactor banks connected at 220 kV and above have large MVAr ratings which can cause an excessive voltage
step when switched. A large voltage step results in excessive circuit breaker contact wear. Point on wave
switching of independent circuit breaker poles reduces this voltage step.

11.4.3 Main Protection System Standard Functions

The following standard functions are provided for all reactor bank applications.

11.4.3.1 IDMT Overcurrent

The purpose of IDMT overcurrent is to clear phase faults. IDMT overcurrent is not deliberately limited to 3
phase fault conditions and may also respond to phase to phase faults and earth faults. IDMT overcurrent
protects the reactor bank against faults which the instantaneous overcurrent protection is unable to detect.

The settings are selected to meet the following requirements:
1) Pickups determined by the following limits:
a) Lower limit: The lower limit is calculated from:

i) The rated current of the reactor bank.

- westernpnwer Uncontrollgd document when printed
© Copyright 2024 Western Power o 199 of 377
age 0



11 Reactor Banks Protection

ii) An additional margin = 1.5 (typical)
iii) Allowance for relay errors.

iv) CT errors are small and complex. Upper limit: Must meet Western Power’s sensitivity
requirements.

c) A standard setting of 1.5 times the reactor rated current at the reactor rated voltage is
recommended.

2) A standard time multiplier setting (TMS) of 0.05, in conjunction with a standard inverse IDMT curve, has
been used successfully in the past. The protection engineer must ensure that:

a) There is adequate coordination with the transformer protection
b) No short circuit ratings are exceeded

c) The total fault clearance time meets the Technical Rules requirements.

11.4.3.2 Instantaneous Overcurrent

The purpose of instantaneous overcurrent is to clear high current, 3 phase and phase to phase faults. In
general, the metropolitan distribution system is earthed via earthing transformers which limit the earth
fault levels. The instantaneous overcurrent function will therefore not respond to earth faults.

The instantaneous overcurrent must be set high enough to avoid operation for reactor inrush currents. The
magnitude of the inrush current depends on:

1) System fault level

2) X/Rratio

3) Reactor rating

4) Reactor design (iron cored or air cored)

In accordance with Australian/New Zealand Standard (AS/NZS 60076.6:2013 — Power transformers — Part 6:
Reactors; Annexure B.6 Inrush Current), the worst inrush current occurs when the reactors are switched on
at zero crossing of the voltage wave. This will give a linked flux that is twice the steady state value. For a
reactor with a linear magnetic characteristic (reactor characteristic considered in this guideline) the peak
value of the inrush current is then about twice the peak value of the steady state current. The inrush
current level for reactors is represented by the following equation:

Ipeak Inrush = 2 X Ipeak Steady = 2 X (‘/ExISteady) = 28284 x Igteqdy

On reactors with non-linear magnetic characteristic the inrush current level can be more than twice the
peak steady state current. The inrush current level can be derived from the magnetic characteristic which is
not covered in this guideline.

The gapped iron core design in oil immersed type reactors is subjected to more severe magnetising inrush
currents than core less type reactors. Nonetheless this guideline shall apply to both type reactors (core and
core less) when setting the instantaneous overcurrent function of the relay.

The standard settings are adopted:
1) Pickup = 2.5 x reactor bank current rating x additional margin
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11 Reactor Banks Protection

2) Additional margin = 1.3 (typical)

3) Time delay = 0 seconds

11.4.3.3 IDMT Earth Fault

11.4.3.3.1 Star Unearthed Shunt Reactor Configuration

The purpose of IDMT earth fault in this shunt reactor configuration is to clear faults involving earth. Settings
are selected to meet the following requirements:

1) Pickup:
a) Lower limit

i) Because the reactor bank is not earthed, the IDMT earth fault protection is not required to
grade with other protection systems. The pickup can therefore be set to the minimum setting.

b) Upper limit: Must meet Western Power’s sensitivity requirements.

2) Time multiplier setting (TMS). A standard setting of 0.1 has been used successfully in the past. The relay
will operate in a definite minimum time of approximately 200 milliseconds when set to the minimum
pickup. This is considered acceptable because:

a) Complete saturation for 10 cycles is unlikely.
b) Generally, no magnetising inrush on air core reactors (dry type preferred in this configuration)
c) ATMS of 0.1 has not resulted in an inrush operation in the past.

11.4.3.3.2 Star Solidly Earthed Shunt Reactor Configuration

From previous discussion in Section 11.4.1.1.2 the star solidly earthed shunt reactors are generally applied
on the transmission network. In the transmission network, Technical Rules demand high speed clearance of
fault to maintain network stability. Thus, equipment connected at this voltage level must be equipped with
high speed protection scheme (e.g. REF protection) to comply with the rules.

The purpose of IDMT earth fault in this configuration is to provide backup to the high speed protection
schemes in clearing faults involving earth. Settings are selected to meet the following requirements:

1) Pickup:
a) Lower limit

i) Because the reactor bank is earthed, the IDMT earth fault protection is required to grade with
other protection systems.

ii) Reactance tolerance is within = 5% (AS/NZS 60076.6) of the rated reactance. Therefore, the
pickup must be set not less than 10% (0.1 per unit) of the rated current to account current
imbalance due to variation in reactance.

b) Upper limit: Must meet Western Power’s sensitivity requirements.
2) The time multiplier setting (TMS) must.

a) Allow the slowest line earth fault protection to grade with the reactor protection system.
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b) Allow the terminal or zone substation transformer HV REF earth fault or combined HV/LV REF
(autotransformers) protection to grade with the reactor protection system.

c) Allow zone substation LV Standby EF protection to grade with the reactor protection system.
Grading requirement is dependent on vector group and the HV and LV earthing method of the
transformer.

11.4.3.4 Circuit Breaker Failure

The purpose of circuit breaker failure (CB Fail) is to clear a fault when tripping a circuit breaker fails to clear
its contribution to a fault. Failure to clear the fault contribution can be caused either by the circuit breaker
failing to open or by a small zone fault.

11.4.3.5 Local Metering

Refer to Engineering Design Instruction — Substation Secondary Systems Design for local metering
requirements.

11.4.3.6 Remote Metering

Refer to Engineering Design Instruction — Substation Secondary Systems Design for remote metering
requirements.

11.4.3.7 VT Failure

The purpose of VT failure is to distinguish between two distinct conditions. Both of these conditions result
in a disturbance or loss of secondary volts from the VTs to the relay. The two conditions are:

1) Primary system fault conditions such as:

a) Phase to earth faults

b) Phase to phase faults

c) Three phase faults

Under these conditions the relay must recognise that a primary fault exists and operate.
2) Non primary system fault conditions such as:

a) VT primary isolated by primary switching or primary fuse operation

b) VT secondary disturbed by secondary fuse, or MCB operation

c) Secondary wiring interference

d) Disturbance at the test links

e) Secondary wiring fault

Under these conditions the relay must recognise that a fault does not exist and not operate. The
protection relay may need to take steps to restrain some protection functions.

11.4.3.7.1 Alarming

The VT is used for SOTF restraint so it is important to alarm for a VT failure. The protection relay is required
to raise a VT Fail alarm when:
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1) No primary system fault exists and

2) A secondary system fault exists

11.4.3.8 Circuit Breaker Wear Monitoring
The purpose of circuit breaker wear monitoring is to assist in the scheduling of circuit breaker maintenance.

Settings are chosen to allow the relay to calculate and accumulate circuit breaker wear information during
each circuit breaker opening action. While circuit breaker wear is more dependent on opening for reactor
applications, the opening information is also useful in predicting maintenance requirements.

Refer to Section 8 — Circuit Breaker Protection for a detailed description of circuit breaker wear monitoring.

11.4.3.9 Trip Circuit Supervision

The purpose of trip circuit supervision (TCS) is to supervise the integrity of the circuit breaker trip coil. The
trip coil is supervised when CB is in both the open and closed state. TCS also supervises the integrity of
some of the associated secondary wiring.

Refer to Engineering Design Instruction — Substation Secondary Systems Design for a detailed description of
TCS.

11.4.3.10 Dynamic Disturbance Recorder

The dynamic disturbance recorder (DDR) must be configured so that the recorder captures the:
1) Pre fault waveforms.

2) Post fault waveforms which include circuit breaker failure operations.

3) Post fault waveforms which include clearance by downstream devices within the main protection
system operating zone.

4) Reactor bank circuit breakers occasionally have re-strike failures within 200 milliseconds of the circuit
breaker opening.

11.4.3.11 Sequence of Events Recorder

The sequence of events recorder (SER) monitors what occurs within the relay during both normal operation
and faults. When the SER is triggered, a record is created of these events. A protection trip must trigger the
SER.

To simplify the event record and minimise the chance of the relay failing, the following guidelines must be
followed when choosing what is to appear in the SER:

1) Do not include word bit outputs of directional elements

2) Do not include word bits that may change state frequently under normal conditions, or near the edge
of such conditions

11.4.3.12 Time Synchronisation

The protection relays must be configured to receive the Irig B time code or the SNTP time signal when
available. The Irig B clock and the SNTP server provide accurate time stamping for fault events. Irig B is
more accurate and preferred when no additional wiring is required.
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Irig B is standard for all DNP relays. Irig B is standard on IEC61850 relays when additional wiring is not
required (e.g. zone substation HV relays). When additional wiring is required SNTP is used (e.g. zone
substation LV relays).

11.4.3.13 Defective Alarms

Protection defective means the protection scheme is defective or DC auxiliary voltage supply is off. At DNP
sites this is hardwired from the IED to the RTU and means that the IED is defective. At IEC61850 sites it
includes failure of the IEC61850 signalling.

Device defective means that the hardware is defective. Examples include IEDs, controllers and gateways.

Defective alarms use normally open contacts when hardwired.
11.4.4 Main Protection System Site Specific Functions

11.4.4.1 Distribution System
11.4.4.1.1 Over Voltage Closing

An over voltage closing function may be required on 33 kV and below shunt reactor banks. This control
function responds to an over voltage condition and switches in reactor banks to consume excessive MVAr
from the system which is causing the condition.

The requirement for this function is determined by system simulations, transmission planning and system
operations.

11.4.4.2 Transmission System
11.4.4.2.1 High Impedance Schemes

High speed duplicated high impedance schemes with different measuring principle shall be applied to shunt
reactors connected on the transmission system voltage to comply with technical rules maximum total fault
clearance time requirements.

On series reactors connected between HV busbars, the high speed HV bus zone scheme detects and clears
faults on the reactors (reactor within the bus zone protective zone), therefore dedicated high impedance
schemes for these reactors are not necessary given that high speed protection is already provided by the
bus zone protection.

The basic operating principles of high impedance scheme is discussed in the previous section (Busbar
Protection).

11.4.4.2.1.1 Current Measuring Relays
1) Current Setting
a) Lower limit:

The current setting (lset) in current measuring relays must be above the spill current that occurs
under maximum through fault conditions. All CTs are PX class therefore the maximum turns ratio
error is £0.25% ’1. The worst case is with one CT having a -0.25% turns ratio error and the other a
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+0.25%. The maximum spill current that can flow into the relay is then £0.5% of the maximum
through fault current on the reactors. Iset must be at least 1.3 times this value.

b) Upper limit:

The relay current setting (Iset) must meet Western Power’s sensitivity requirements. Refer to
Section 16 — Protection Sensitivity.

2) Series Resistor

a) The series resistor, Rseries, iN current measuring schemes is used to adjust lgeiay to a value less than
Iset for through faults with CT saturation. For maximum stability the value of Rseries is chosen to
allow:

The operating voltage, Vop, to be equal to or less than % the minimum CT knee point voltage and
The primary operating current, lpoc, to meet Western Power’s sensitivity requirements
11.4.4.2.1.2 Voltage Measuring Relays
1) Voltage Setting
a) Lower limit:
Western Power’s minimum voltage setting is 50 V.
b) Upper limit:

The relay voltage setting (Vset) in voltage measuring relays must be less than or equal to % the
minimum CT knee point voltage.

2) Shunt Resistor

a) The shunt resistor, Rshunt, in voltage measuring schemes is used to adjust Ipoc to a value which meets
the design requirements in Busbar Protection Section 4.4.2.8.3.2. Rshunt is also used to adjust VOP to
be greater than Vs for through faults with CT saturation. For maximum stability the value of Rshynt
is chosen to allow:

Vset to be equal to or less than % the minimum CT knee point voltage.
Allows IPOC to be 1.3 times the worst case spill arising from CT errors.
11.4.4.2.1.3 Standard Resistor Values
When possible the resistor values must be selected from the following Western Power stock:
500 ohm, 500 Watt
720 ohm, 350 Watt
1000 ohm, 200 Watt
Note -/+ 5% tolerance in standard resistor used by Western Power.
11.4.4.2.1.4 Metrosil

A metrosil (non-linear resistor) is required on all high impedance schemes.
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11.4.4.2.2 Low Impedance Schemes

Duplicated low impedance schemes are another alternative for high speed protection of shunt reactors
connected on the transmission system voltage.

11.4.4.2.2.1 Biased Differential

The purpose of biased differential is to detect and clear internal faults within the operating zone while
remaining stable for external faults. Differential (either high or low impedance type) is a form of unit
protection and is standard on all reactors connected to the transmission system. This ensures that the
Technical Rules total fault clearance times can be met in all situations.

The settings are selected to meet the following requirements:

1) Pickup: This setting provides restraint against apparent differential current caused by:
a) Magnetisation current of the protected reactor
b) Steady state CT errors

2) Asetting of 0.10 to 0.15 per unit is recommended.

The operating principles of biased differential scheme has been further discussed in the previous section
(Transformer Protection).

11.4.4.2.2.2 Inrush Inhibit

The purpose of inrush inhibit is to restrain the bias differential function during inrush conditions that most
commonly appear on gapped iron core designed reactors (oil immersed type). Similar to power
transformers, the traditional method on providing restraint against magnetising inrush current is based on
second harmonics. Restraint is provided when the ratio of the second harmonic to the fundamental
component of the inrush current exceeds the inrush inhibit level setting. The setting must be exceeded on 2
of the 3 phases of the reactor HV terminal side contribution to the differential relay. A setting of 15% to
20% (depending on the relay used) is recommended.

Cross blocking, which allows the second harmonic in any one phase to be used as a restraint quantity in any
other phase, is always used.

Inrush inhibit is a standard function in all reactor main protection system relays that provide biased
differential protection.

11.4.4.2.2.3 Instantaneous Differential

The purpose of instantaneous differential is to detect heavier internal fault on the reactor. This function
responds to differential current and does not have any bias or harmonic restraint. It therefore operates
faster than the differential element. Instantaneous differential is standard on all reactors with low
impedance differential protection.

A setting of 2.0 pu (typical) is recommended.
11.4.4.2.2.4 Restricted Earth Fault

Restricted Earth Fault (REF) protection is another form of unit protection scheme applicable to star solidly
earthed shunt reactors. The purpose of REF is to detect and clear faults involving earth (e.g. windings,
bushing, etc.) where the operating zone is defined by the reactor HV terminal side phase CTs and the
neutral CT. Refer to section 11.9.
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REF schemes can be set very sensitive without time delay for detection and fast clearance on earth faults.
The settings are selected to meet the following requirements:
1) Pickups determined by the following:
a) Lower Limit: The lower limit is calculated from:
i) Must be stable for through faults
ii) Allowance for relay errors.

iii) CT errors are small and complex. Upper limit: Must meet Western Power’s sensitivity
requirements.

11.4.4.2.3 Negative Phase Sequence

The purpose of negative phase sequence (NPS) is to detect single pole open condition on the reactor and to
provide backup protection on external unbalance type of fault (primarily two phase fault). The NPS
elements do not respond to balanced load so they can be set more sensitively than overcurrent elements.

During a HSSPAR operation in the transmission network, the shunt reactors will experience an amount of
negative sequence current like an open pole condition. The maximum pole open time in an HSSPR event is
2 seconds. The reactors must be able hold on this event to let HSSPAR to operate successfully and return to
the balanced state.

Negative sequence current is also experienced by the reactor during an external unbalance type of fault.
The reactors must provide slow backup to the adjacent protection system in clearing this type of faults.

The NPS function is a combination of a definite time (DT) and inverse time (IDMT) function to optimise the
operation of the function. The DT function is dedicated to detect and operate on a single pole open
condition where the IDMT function is to backup adjacent protection system in clearing external unbalance
type of faults.

The settings are selected to meet the following requirements:
1) The NPSinverse time and definite pickups are determined by the following limits:
a) Lower limit: The lower limit is calculated from:

i) Reactance tolerance is within = 5% (AS/NZS 60076.6) of the rated reactance. Therefore, the
pickup must be set not less than 10% (0.1 per unit) of the rated current to account current
imbalance due to variation in reactance.

ii) Allowance for relay errors

iii) CT errors are small and complex. Upper limit: Must meet Western Power’s sensitivity
requirements.

2) NPS definite time delay:
a) Greater than the 2 second HSSPR maximum open pole time
b) A 20% additional margin.

3) NPSinverse time multiplier setting (TMS):

a) A standard inverse IDMT curve has been successfully used in the past.
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11 Reactor Banks Protection

b) Allow the slowest adjacent protection to grade with the reactor protection system on the
maximum negative sequence current experienced by reactor during external two phase fault.

c) Allow the CB fail elements to operate first.
11.4.4.2.4 Reactor Mechanical Trips

Oil-immersed reactor bank mechanical trips are brought through the protection relay for the purposes of
ensuring that all reactor trips originate from the protection relay. This has the following benefits:

1) Local flagging for mechanical trips does not require separate flagging relays
2) The dynamic disturbance recorder can compare mechanical trips with the operation of relay functions
11.4.4.2.5 Close Supply Supervision

The purpose of close supply supervision is to supervise the integrity of the circuit breaker closing supply
and associated secondary wiring.

11.4.4.2.6 Voltage Control

The voltage control is applicable to variable type shunt reactors (VSR) installed in the network.

— westernpnwer Uncontrollgd document when printed
S © Copyright 2024 Western Power
Page 201 of 377



11 Reactor Banks Protection

11.5 Appendix A — Reactor Bank Design Requirements

Functions Operation Indication

Function Name ANSI Initiation Selection Resetting Operation Selection Resetting
A/R | CB Fail Local EPCC Local EPCC Local EPCC Local EPCC Local Self

Low Impedance / High Impedance 72

Differential 87 Yes Latched 3 Yes Yes Yes

Restricted Earth Fault 64 Yes Latched”® Yes Yes Yes

Trip Relay Latched Yes Yes Yes

IDMT Overcurrent 51 Yes Latched Yes Yes Yes

Instantaneous overcurrent 74 50 Yes Latched Yes Yes Yes

IDMT earth fault 64 Yes Latched Yes Yes Yes

Circuit breaker failure 52 Latched Yes Yes Yes

Negative phase sequence’? 46 Yes Latched Yes Yes Yes

UFLS (Circuit stage selection) 7 Yes Yes Yes Yes

UFLS (Tripping)’® 81 Latched Yes Yes Yes Yes

Local metering HMI

Remote metering 77

72 Required for reactors connected on 66 kV and above only excluding series reactors
73 Applicable to low impedance schemes

74 Not required on series reactors

7> Required for reactors connected on 33 kV and below only
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11 Reactor Banks Protection

VT failure 47 Latched Yes Yes Yes
Circuit breaker wear monitoring 94.1 Yes Yes

Trip circuit supervision TCM Self Yes Yes Yes
Dynamic disturbance recorder DDR

Sequence of events recorder SER

Time synchronisation CLK Yes

Protection defective Self Yes Yes Yes
Device defective Self Yes Yes Yes
Circuit breaker mechanism defective Self Yes Yes Yes
Over voltage close75 59 Latched Yes Yes Yes

Earth switch enable timer 62 Self Yes Yes Yes
Mechanical Trips 7®

Main tank buchholz Yes Latched Yes Yes Yes

Main tank pressure Yes Latched Yes Yes Yes

Winding temperature Yes Latched Yes Yes Yes

Oil temperature Yes Latched Yes Yes Yes

QOil surge Yes Latched Yes Yes Yes

Note: Grey areas signify ‘No’ or ‘Not Applicable’

Note: Relay Resetting includes both contact and word bit resetting

76 Required for oil-immersed type reactors only
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11 Reactor Banks Protection

11.6 Appendix B — Roles and Responsibilities
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11 Reactor Banks Protection

11.7 Appendix C — Advantages / Disadvantages
11.7.1 Distribution Second Protection Systems

11.7.1.1 Second Reactor Main Protection System

Used when a second reactor bank CT core and circuit breaker trip coil are available for a second main
protection scheme.

1) Advantages of this option are:

2) Only the faulted reactor bank circuit breaker is removed from service. This limits the number of circuits
removed from service when the reactor bank main protection system is out of service.

3) Easy conversion to a feeder circuit if required in the future.

4) A disadvantage of this option is that a second protection relay, CT core and circuit breaker trip coil.

11.7.1.2 Transformer LV Protection System

If a second reactor bank CT core and circuit breaker trip coil are not available the transformer LV protection
system can be used to backup the reactor main protection system.

1) Advantages of this option are:
a) It takes advantage of existing primary and secondary equipment

b) The second protection system’s circuit breaker mechanism is independent from the main
protection system’s circuit breaker mechanism

2) Disadvantages of this option are:

a) An operation removes all of the feeders and reactor banks supplied from the transformer from
service

11.7.1.3 Low Impedance Busbar Protection Providing Backup

When options 1 and 2 are not feasible the backup facility of low impedance busbar relays can be used to
trip the transformer LV circuit breaker.

1) Advantages of this option are:
a) Itcan be installed at site where options 1 & 2 are not possible
b) It may be able to take advantage of primary and secondary equipment required for other circuits

c) The second protection system’s circuit breaker mechanism is independent from the main
protection system’s circuit breaker mechanism

2) Adisadvantage of this option is an operation removes all feeder and reactor bank circuits connected to
the busbar from service

11.7.2 Transmission Protection Systems

11.7.2.1 High Impedance Scheme on Shunt Reactors

1) Advantages of this option are:
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11 Reactor Banks Protection

a) Simplicity (e.g. no complex relay programming)
b) Stability and security (inherent immunity to CT saturation on external faults)
c) Relay cost is relatively low

2) Disadvantages of this option are:

a) High CT performance requirements (preferably PX class), in general CTs on the reactor phase and
neutral must be identical (e.g. same ratio, excitation and saturation characteristics, etc) to
guarantee sensitivity and security. A challenge to implement on brownfield installations due to high
CT performance requirements (main CT replacement is necessary).

b) Risk on personnel safety due to presence of high voltages on the secondary circuit during an
internal fault.

c) Higher installation cost implication due to multiple relays and dedicated high performance CTs
(sharing of CT is not recommended) are needed to implement both reactor differential and REF
protection.

11.7.2.2 Low Impedance Scheme on Shunt Reactors
1) Advantages of this option are:

a) Lower CT requirements (e.g. 5P20). Can be applied with different type of CTs at the reactor
terminals and starpoint (e.g. CTs doesn’t need to be identical).

b) Less CTs are needed as main CT can be shared with other relays. Both differential and REF
protection can be implemented in one (1) numerical type multifunction relay, thus overall
installation cost is less to implement an optimum reactor protection.

c) Norisk on safety as in case of an internal fault no high voltages will appear on the secondary circuit.
d) A better retrofit solution for brownfield site reactor installations.
2) Disadvantages of this option are:

a) No inherent immunity against CT saturation for external faults as compared to high impedance
scheme.

b) Relay cost is higher than high impedance relay

c) Setting or programming complexity is determined by the relay manufacturer used.
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11 Reactor Banks Protection

11.8 Appendix D — Interlocking

11.8.1 External Timers

Brownfield sites without numerical relays have external timers to perform the interlock time delay ”’.
Interlock systems using external timers have the following components:

1) Key switch located on the protection panel. The key switch has the following functions:
a) When the key switch key is inserted, closing of the circuit breaker is allowed
b) When the key switch key is removed, a standing trip is applied to the circuit breaker

2) External timer. The external timer receives the key switch key and captures and releases the reactor
bank gate key.

11.8.2 Access the Reactor Bank
The following steps are taken to access the reactor bank:

1) The key switch key is removed from the key switch located on the protection panel. Removing the key
from the key switch puts a standing trip on the circuit breaker and prevents closing of the circuit
breaker.

2) The key switch key is inserted into the external timer.

3) After a time delay of 5 seconds, the reactor bank gate key is released from the external timer and can
be used to open the reactor bank gate.

11.8.3 Restoring the System
The following steps are taken to restore the interlock system:

1) The reactor bank gate key is removed from the reactor bank gate and inserted in the external timer.
This releases the key switch key.

2) The key switch key is then inserted in the key switch located on the protection panel. Inserting the key
in the key switch removes the standing trip and allows the circuit breaker to be closed.

11.8.4 Supplies
External timers are supplied by 240V AC and are independent from the protection panel supplies.

The key switch located on the protection panel is supplied by the protection panel supply.

77 Fortress Interlocks are an example of interlocks using external timers
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11 Reactor Banks Protection

11.9 Appendix E — Restricted Earth Fault

11.9.1 Earthed Star Point Winding

Shunt reactor restricted earth fault (REF) protection is used to detect and clear internal earth fault. It
compares the 3lo flowing in the star point of reactor winding with the sum of the lo currents in the three
phases. This always sums to zero in a non-faulted winding.

Figure 11.1 — Shunt Reactor REF in-zone fault
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Figure 11.2 — Shunt Reactor REF out of-zone fault
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12 Under Voltage Load Shedding

12 Under Voltage Load Shedding

12.1 Introduction
The purposes of this section are to:

1) Define at a high level the functional requirements for under voltage load shedding (UVLS) in Western
Power zone substations

2) Capture information which explains the reasoning behind the UVLS design and settings

12.2 Scope

This section applies to under voltage shedding in metropolitan and country zone substations.

12.3 Specific Compliance Requirements

12.3.1 Technical Rules Requirements

Generally, UVLS is applied for operation outside the requirements of the Technical Rules. It is used to
attempt to save the system from collapse and prevent damage to customers’ equipment.

The Technical Rules require that up to 75% of the system load is available for disconnection by one or more
of the following methods 7%:

1) Under frequency relays

2) Manual control

3) Under voltage relays

Protection designs allow up to 100% of load to be selected into or out of the UVLS scheme.

The requirements for steady state power frequency voltage are outlined in clause 2.2.2 of the Technical
Rules.

The Technical Rules 7° require that the maximum over voltage in the distribution system be limited to:
1) 30% for a period up to 1 second

2) 20% for a period between 1 and 10 seconds

3) 6% greater than 10 seconds

The Technical Rules ® require that the maximum over voltage in the transmission system be limited to:
1) 30% for a period up to 1 second

2) 20% for a period between 1 and 10 seconds

3) 10% greater than 10 seconds

78 Technical Rules clause 2.3.2
7 Technical Rules clause 2.2.10, Figure 2.1
80 Technical Rules clause 2.2.10, Figure 2.1
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12 Under Voltage Load Shedding

12.4 Functional Requirements
The functional requirements of the under voltage load shedding (UVLS) scheme are:

1) Detect voltage problems on the transmission network

2) Trip an appropriate amount of load when voltages drop below a specified level for a specified time to
help aid voltage recovery.

12.5 Under Voltage Load Shedding

12.5.1 Introduction

The voltage profile of the system has a close relationship with the reactive power flow profile. Vars are
generated by over excited synchronous generators, capacitors and long, lightly loaded lines. Vars are
absorbed by under excited synchronous generators, inductive loads and long, heavily loaded lines. To
maintain an acceptable system voltage, the number of vars generated must match the number of vars
absorbed.

This equilibrium can be disturbed by:

1) Fault conditions causing generators or lines to trip.

2) Certain transmission plant outages. Lack of local reactive power support can cause the voltage in parts
of the system to fall below acceptable levels.

Voltage drop can damage customer equipment. The UVLS scheme helps maintain quality of supply to
remaining customers by automatically tripping loads when the voltage reaches an unacceptable level.

12.5.1.1 Metropolitan UVLS

The metropolitan UVLS scheme includes voltage measuring relays at specified terminal stations and zone
substations.

12.5.1.1.1 Terminal Stations

Three 330 kV sites, Kwinana (KW), Southern Terminal (ST) and Northern Terminal (NT) are incorporated in
the metropolitan UVLS scheme. If the volts at ST or NT are less than 0.85 pu and an under voltage intertrip
is received from one of the other two terminals, an intertrip is issued to the zone substations associated
with that terminal. As an example, the scheme would operate under the following conditions:

1) The volts at NT are less than 0.85 pu

2) The NT UVLS relay receives an UVLS intertrip from either ST or KW indicating a voltage problem at that
site.

3) The NT UVLS relay issues an UVLS intertrip to the Northern UVLS zone substations.

The scheme operates in a similar way for ST and the Southern UVLS zone substations.
12.5.1.1.2 Zone Substations

At zone substations the metropolitan UVLS scheme consists of the following two components:

1) The transmission recovery facility which operates to aid recovery from slowly degrading voltage
conditions.
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12 Under Voltage Load Shedding

At each metropolitan UVLS zone substation the local UVLS relay detects the occurrence of less than
0.85 per unit voltage. After a delay to ensure a definite period of under voltage, if the voltage is still less
than 0.85 per unit, a trip signal is initiated.

The permissive signal from the terminals is combined with the trip signal from the local UVLS relay to
trip selected feeders.

2) The local voltage recovery facility which operates to aid with difficulties in voltage recovery after a
fault.

At each 132 kV UVLS zone substation the local UVLS relay detects the occurrence of less than 0.80 per
unit voltage. At each 66 kV UVLS zone substation the local UVLS relay detects the occurrence of less
than 0.50 per unit voltage. After a delay to ensure a definite period of under voltage, if the voltage is
still less than the selected threshold, a trip signal is initiated.

The permissive signal from the terminal stations is combined with the trip signal from the local UVLS
relay to trip selected feeders.

A voltage < 0.20 pu not considered to be from an under voltage condition. Under this condition a ‘Not No
Voltage’ blocking signal is utilised to prevent load shedding.

Figure 12.1 — Metropolitan UVLS scheme

Zone Substations

Local Recovery Facility
132 kV s/s: V < 0.80 pu, 2.5 second delay on pickup
66 kV s/s: V <0.50 pu, 2.5 second delay on pickup AND

V <0.20 pu (‘Not No Voltage’) }7 b Shed 30% of Load

Transmission Recovery Facility
V < 0.85 pu, 5 second delay on pickup

Terminal Yards

\ NT 330 kV: V < 0.85 pu, 2.5 second delay on pickup }—L,

\ ST 330 kV: V < 0.85 pu, 2.5 second delay on pickup }—» 2outof 3

\ KW 330 kV: V < 0.85 pu, 2.5 second delay on pickup M—»

12.5.1.2 Country UVLS

The country UVLS is a distributed scheme which operates independently of the 330 kV terminal stations.
Local relays monitor the voltages on the incoming lines. The country UVLS scheme also provides over
voltage protection.

The country UVLS scheme has 3 levels of voltage pickup and time delay settings. Each level has
progressively lower voltage pickups and shorter time delays. These three under voltage settings are
arranged in a two staged tripping sequence.

The country UVLS scheme has 2 levels of over voltage protection. The first level trips capacitors in two
stages. The second level closes reactors.
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12 Under Voltage Load Shedding

Figure 12.2 — Country UVLS scheme
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12.5.2 Design Requirements

Standard functions are provided on all metro and country UVLS schemes to assist with standardisation of
protection design and setting files.

Section 12.6 outlines the design requirements for UVLS functions.

At some sites the UVLS scheme trips via a hardwired under frequency load shedding (UFLS) scheme.

12.5.2.1 Defective Alarms

Protection defective means the protection scheme is defective. At DNP sites this is hardwired from the IED
to the RTU and means that the IED is defective. At IEC61850 sites it includes failure of the IEC61850
signalling.

Device defective means that the hardware is defective. Examples include IEDs, controllers and gateways.

Defective alarms use normally open contacts when hardwired.

12.5.2.2 DC Supply

UVLS is supplied from the same battery as the circuit breakers it trips to avoid subfusing.

12.5.2.3 Metropolitan UVLS
12.5.2.3.1 Terminal Stations
The protection design and relay settings must meet the following Western Power requirements:

1) A teleprotection signal (TPS) from the UVLS communications rack located at Northern Terminal is
required for each Northern UVLS zone substation.

2) Ateleprotection signal (TPS) from the UVLS communications rack located at Southern Terminal is
required for each Southern UVLS zone substation.

3) Automatic reclose must be inhibited on the ST—SHO/OLY 91 line if the ST 330 kV bus voltage exceeds
1.05 per unit. This functionality is carried out via the SCADA system.
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12 Under Voltage Load Shedding

12.5.2.3.2 Zone Substations
The protection design and relay settings must meet the following Western Power requirements:

1) The systems analysis and solutions section will determine the number of and which lines at each
substation to be monitored. All three phases must measure low volts for operation. A single phase
voltage is acceptable where three phase voltages are not available.

2) UVLS operation shall be blocked should the voltage drop below 0.2 volts per unit. This indicates a VT
fail.

3) All feeder, capacitor and reactor circuits will be included in the UVLS scheme. When the load is shed it
may be necessary to trip capacitor banks to prevent system voltage rise.

4) The network operation reliability and capacity engineer will determine which feeders and capacitors
are selected to be included into the UVLS scheme.

12.5.2.4 Country UVLS
The protection design and relay settings must meet the following Western Power requirements:

1) The systems analysis and solutions section will determine the number of and which lines at each
substation to be monitored. All three phases must measure low volts for operation. A single phase
voltage is acceptable where three phase voltages are not available.

2) UVLS operation shall be blocked should the voltage drop below 0.2 volts per unit. This indicates a VT
fail.

3) All feeder, capacitor and reactor circuits will be included in the UVLS scheme. When the load is shed it
may be necessary to trip capacitor banks to prevent system voltage rise.

4) The network operation reliability and capacity engineer will determine which feeders and capacitors
are selected to be included into the UVLS scheme.

5) The network operation reliability and capacity engineer will determine which capacitors are selected to
be included into the over voltage protection.

12.5.3 Settings

The system analysis and solutions section will determine the required pickup and time delay settings. The
protection design engineer is responsible for ensuring that these settings grade with existing substations
settings. These include feeder, transformer and LV busbar protection systems and substation integration
package (SIP) voltage control systems. These settings must include margins for accuracy and post-fault
voltage recovery.

Changes in the transmission network may affect UVLS discrimination. This is especially relevant to the
Country UVLS settings. The following are examples of network changes that require a review of the UVLS
settings:

1) Changes to the transformer, feeder or busbar pickups or time multiplier settings
2) Changes to the substations integrated package (SIP) voltage control settings
3) Transformer paralleling

4) Addition, removal or reconfiguration of transmission lines
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12 Under Voltage Load Shedding

5) Changes in generation

12.5.3.1 Metropolitan UVLS

The metropolitan UVLS scheme has standard settings for both the terminal stations and zone substations.
12.5.3.1.1 Terminal Stations

Pickup = 0.85 per unit.

Time delay on pickup = 2.5 seconds

12.5.3.1.2 Zone Substations

Under voltage blocking = 0.20 per unit

12.5.3.1.2.1 Transmission recovery facility

Pickup = 0.85 per unit

Time delay on pickup =5 seconds

12.5.3.1.2.2 132 kV substations local recovery facility
Pickup = 0.80 per unit

Time delay on pickup = 2.5 seconds

12.5.3.1.2.3 66 kV substations local recovery facility
Pickup = 0.50 per unit

Time delay on pickup = 2.5 seconds

12.5.3.2 Country UVLS

12.5.3.2.1 Under Voltage Settings

The under voltage pickup is site specific

The country UVLS stage time delay = 0.50 seconds.

Under voltage blocking = 0.20 per unit.

12.5.3.2.2 Over Voltage Settings

The country UVLS over voltage pickup settings are standard and listed below:
1) Level 1 pickup (capacitor trip) = 1.10 per unit, time delay 1.5 seconds.

2) Level 2 pickup (reactors close) = 1.15 per unit, time delay 0.4 seconds.

The country UVLS capacitor stage time delay = 0.50 seconds.
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12 Under Voltage Load Shedding

12.6 Appendix A — Under Voltage Load Shedding Design Requirements

Functions Operation Indication

Function Name ANSI Initiation Selection Resetting Operation Selection Resetting
A/R | CB Fail Local EPCC Local EPCC Local EPCC Local EPCC Local Self

IDMT Overcurrent 51 Yes Latched Yes Yes Yes

Instantaneous overcurrent 50 Yes Latched Yes Yes Yes

IDMT earth fault 64 Yes Latched Yes Yes Yes

Circuit breaker failure 52 Latched Yes Yes Yes

UFLS (Circuit stage selection) Yes Yes Yes Yes

UFLS (Tripping) 81 Latched Yes Yes Yes Yes

Local metering HMI

Remote metering 77

VT failure 47 Latched Yes Yes Yes

Circuit breaker wear monitoring 94.1 Yes Yes

Trip circuit supervision TCM Self Yes Yes Yes

Dynamic disturbance recorder DDR

Sequence of events recorder SER

Time synchronisation CLK Yes

Protection defective Self Yes Yes Yes

Device defective Self Yes Yes Yes

Circuit breaker mechanism defective Self Yes Yes Yes
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12 Under Voltage Load Shedding

Capacitor out of balance (trip) 60 Yes Latched Yes Yes Yes
Capacitor out of balance (alarm) 60 Self Yes Yes Yes
Earth switch enable timer 62 Self Yes Yes Yes
Over voltage trip 59 Latched Yes Yes Yes
Under voltage close 27 Latched Yes Yes Yes

Note: Grey areas signify ‘No’ or ‘Not Applicable’

Note: Relay Resetting includes both contact and word bit resetting
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12.7 Appendix B — Roles and Responsibilities
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13 Under Frequency Load Shedding

13.1 Introduction
The purposes of this section are to:

1) Define at a high level the functional requirements for under frequency load shedding (UFLS) protection
in a Western Power zone substation

2) Capture information which explains the reasoning behind the UFLS protection design and settings

13.2 Scope

This section applies to under frequency shedding (UFLS) in metropolitan and country zone substations.

13.3 Specific Compliance Requirements

13.3.1 Technical Rules Requirements

The Technical Rules require that up to 75% of the system load is available for disconnection by one or more
of the following methods 8:

1) Under frequency relays
2) Manual control
3) Under voltage relays

Protection designs allow up to 100% of load to shed by the UFLS scheme. The network operations reliability
and capacity engineer is responsible for selecting at which frequency stage the distribution feeders are
shed.

The Technical Rules also require switchable capacitors at terminal stations and zone substations to be
included in an UFLS scheme 2.

13.4 Functional Requirements
The functional requirements of the under frequency load shedding (UFLS) scheme are:
1) Detect frequency problems.

2) Trip an appropriate amount of load when frequency drops below a specified level for a specified time
to help aid frequency stability.

13.5 Under Frequency Load shedding

13.5.1 Introduction

A power system consists of many generators interconnected via the transmission network running at the
same frequency. In the South West Interconnected System (SWIS) the frequency is maintained between

81 Technical Rules clause 2.3.2
82 Technical Rules clause 2.4.1(b)
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13 Under Frequency Load Shedding

49.8 — 50.2 Hz. In equilibrium the electrical power absorbed by the system load is equal to the mechanical
power output by the generator turbines.

Equilibrium between power absorbed by loads and power output by the generators can be disturbed by
fault conditions causing generators to trip. If the generation is lost frequency will drop.

The UFLS scheme helps maintain power system frequency stability to remaining customers by
automatically tripping loads when the frequency reaches an unacceptable level.

13.5.2 Design Requirements

The UFLS relay uses a voltage supply to sense the system frequency. In many older sites the scheme is
connected to the 240 V station supply which is stepped down to 110V by a voltage transformer. In newer
sites with indoor switchgear, the voltage supply is taken from the 110V secondaries of the LV busbar
voltage transformer.

Each stage has a frequency and a time delay setting. The load selected to the stage will trip and lock out
when the:

1) System frequency falls below the frequency setting and the

2) Time delay setting is exceeded

If the frequency continues to drop the next stage will trip. This will continue until the frequency stabilises.
New circuits shall have UFLS incorporated in the protection relay when possible.

At some sites the under voltage load shedding (UVLS) schemes trips into the UFLS scheme (e.g. BUH). It
may be necessary to include a new circuit in an existing hardwired UFLS scheme when the existing UVLS
scheme trips into the hardwired UFLS scheme before the stage selection.

The UFLS stage override facility has been removed. It was originally included to allow the operators to shed
load should the UFLS scheme fail. System management have an alternative load shedding facility so the
UFLS stage override is no longer required .

13.5.2.1 Older Zone Substations

There is a dedicated UFLS panel in older zone substations. The under frequency relays, selector switches
and a lockout trip relays for each feeder are mounted on this panel. There is also a common reset relay
operated remotely from EPCC and locally via a push button. This relay resets the UFLS lockout trip relays.

13.5.2.2 New Zone Substations

New zone substations with numerical protection relays do not have a hard wired UFLS scheme. Instead the
UFLS functionality is provided by the individual feeder or capacitor protection relays. All the functionality of
the hard wired scheme is retained in the protection relays. Under voltage blocking is set in the relay to
prevent mal-operation for a loss of the voltage transformer. The standard under voltage blocking setting is
200V.

A facility to remotely select the UFLS stage for individual feeders shall be provided on all circuits using
numerical relays to provide the UFLS function.

84 Technical Rules clause 2.4.1 Table 2.8
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13 Under Frequency Load Shedding

Feeder circuit protection is required to block operation of UFLS when the detected active power direction is
reverse (flowing into the transmission system).

13.5.3 Standard UFLS Functions

13.5.3.1 Frequency and Time Delay

The Technical Rules define the under frequency stages for the South West Interconnected System (SWIS) 8.
Table 13.1 and Table 13.2 summarise the under frequency stages, required time delay and amount of load

to be shed at each stage.

Capacitor banks are included in the UFLS scheme. The transport of power to the load results in reactive
losses that are provided for by capacitor banks. As the load reduces the inductive losses reduce. If the
capacitors remain in service the reactive power flow could be back to the transmission system resulting in
an excessive voltage rise.

Table 13.1 — South West Interconnected System (SWIS)

Frequency (Hz) | Time Delay Load Shed (%) Cumulative Capacitor Shed | Cumulative
(sec) Load Shed (%) | (%) Capacitor Shed

(%)

1 48.75 0.4 15 15 10 10

2 48.50 0.4 15 30 15 25

3 48.25 0.4 15 45 20 45

4 48.00 0.4 15 60 25 70

5 47.75 0.4 15 75 30 100

Table 13.2 — North West Interconnected System (NWIS)

Frequency Time Delay Load Shed (%) Cumulative Capacitor Cumulative
Load Shed (%) Capacitor Shed
(Hz) (sec) Shed (%) (%)
1 49.00 0.5 17 17 17 17
2 48.75 0.5 17 34 17 34

As shown in Table 13.1 and Table 13.2 the UFLS scheme operates at several frequency stages. Each feeder
and capacitor can be selected to any of these stages. This selection is done locally at older substations or
locally and remotely at newer sites.

84 Technical Rules clause 2.4.1 Table 2.8
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13 Under Frequency Load Shedding

Previous UFLS schemes in the SWIS had 6 stages with the sixth stage set to 47.50 Hz. A review in 1998
found that stage 6 raced with under speed tripping of many gas turbines on the system. Stage 6 was
therefore removed.

The Time Delay (sec) is the relay measuring time. The total scheme clearance time will be longer than this.

13.5.3.2 Reverse Power Flow Blocking

New feeder protection installations and protection replacements are required to detect active power flow
into the transmission system. Where such a condition occurs, the operation of the under frequency
element is to be blocked.

Fleeting assertion of the blocking function may be detrimental to the remaining useful life of the numerical
relays’ system memory. The blocking function is to utilise a pick-up timer to prevent fleeting assertion of
the blocking logic.
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13 Under Frequency Load Shedding

13.6 Appendix A — UFLS Design Requirements

Refer to Section 9 — Feeder Protection.

13.7 Appendix B — Roles and Responsibilities
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14 Generation Interconnection Protection

14 Generation Interconnection Protection

14.1 Introduction
The purposes of this section are to:

1) Define the high level functional requirements for the generator interconnection at Western Power zone
substations and terminal stations.

2) Capture information which explains the reasoning behind the generator interconnection protection
design and settings.

14.2 Scope
This section applies to distribution and transmission connected generators.
The scope of this section does not include the user requirements.

This document makes recommendations agreed to by a number of different stakeholders #°.

14.3 Functional Requirements

Generator interconnection protection systems must meet the functional requirements outlined in Section 2
— Protection Philosophy and Performance Criteria. In addition, generator interconnection designs must
provide backup islanding.

86 Technical Rules clause 3.3.6
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14.4 Generator Interconnection Protection

14.4.1 Introduction
Generators are connected to the Western Power system by:
1) Adistribution feeder supplied from a zone substation

2) Atransmission line supplied from a zone substation or terminal station
14.4.2 Design Requirements

14.4.2.1 General Design Requirements
14.4.2.1.1 Circuit Breaker Failure

The purpose of circuit breaker failure (CB Fail) is to clear a fault when tripping a circuit breaker fails to clear
its contribution to a fault. Failure to clear the fault contribution can be caused either by the circuit breaker
failing to open or by a small zone fault.

Refer to Section 8 — Circuit Breaker Protection for a detailed description of CB Fail.
14.4.2.1.2 Synchronism

There is no Western Power requirement for synchronisation at the zone substation or terminal station. This
function must be provided by the user’s protection systems .

Check synchronism in zone substations is not required at distribution voltages.

Check synchronism on lines connected to a generator is standard at transmission voltages. Refer to Section
8 — Circuit Breaker Protection.

14.4.2.1.3 Sensitivity

Protection systems must meet Western Power’s sensitivity requirements. Addition of a distribution
generator can cause or increase feeder sensitivity problems when the feeder’s second protection system is
provided by the transformer LV overcurrent function. Refer to Section 16 — Protection Sensitivity.

14.4.2.2 Distribution System Design Requirements

The detail in this section describes additional general requirements for connecting a private parallel
generator (PPG) to the Western Power distribution system. A network control service (NCS) may have
unique requirements to be assessed on a case by case basis. It is the responsibility of distribution planning
to:

1) Ensure the distribution system, including the user’s facility, meets the Technical Rules requirements
2) Inform protection design of distribution requirements to meet the Technical Rules

Generators connected to the distribution system are generally less than 10 MW. Additional requirements
for generators greater than 10 MW are outlined in section 3.5.2 of the Technical Rules.

86 Technical Rules clause 3.3.6
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14 Generation Interconnection Protection

14.4.2.2.1 Main Protection System

The main protection system provides backup for the first recloser in series. The main protection system’s
operating zone extends to the second recloser to provide backup for the first recloser. If a first or second
recloser is not installed on a feeder branch, the main protection system operating zone extends to the:

1) Fuses of all distribution transformers of that branch, and

2) HV terminals of all user’s HV circuit breakers if a generator is connected to the branch

Refer to Section 14.7.

Refer to Section 9 — Feeder Protection for a discussion feeder main protection system requirements.
14.4.2.2.2 Second Protection System

The second protection system provides backup protection for the main protection system. The second
protection system’s operating zone extends to the first recloser to provide backup for the feeder main
protection system. If a recloser is not installed on a feeder branch, the second protection system operating
zone extends to the:

1) Fuses of all distribution transformers of that branch and

2) HVterminals of all user’s HV circuit breakers if a generator is connected to the branch
Refer to Section 14.7.

Refer to Section 9 — Feeder Protection for a list of acceptable second protection systems.
14.4.2.2.3 Automatic Reclose

Refer to Section 8 — Circuit Breaker Protection for a detailed description of automatic reclose.
During an automatic reclose cycle on a non-dedicated generator feeder:

1) The Western Power feeder circuit breaker will disconnect the generator from the Western Power
network. This will temporarily island the generator.

2) Aninter trip will be sent to the generator RTU

3) If the generator’s islanding system has not operated, the inter trip must be actioned before the auto
reclose sequence commences.

4) When a feeder circuit breaker’s dead time expires, the circuit breaker recloses.

The generator must be disconnected before the circuit recloses to prevent a possible out of synchronism
reclosure. To ensure this the automatic reclose dead time must be longer that the inter-trip time.

The Technical Rules require that a generator provide fully functional islanding protection ®’. If the load on
the feeder matches the output of the generator, the generator may not detect an islanding condition. The
Technical Rules require Western Power to provide an inter-trip link to function as a backup to the user’s
islanding protection when there is a risk of an undetected islanding condition . Western Power considers
the options outlined in Table 14.1 below acceptable to meet the backup requirement implied in the
Technical Rules.

87 Technical Rules clause 3.5.2 (d), Generators 210 MW; clause 3.6.10.3 (a,b), Generators <10 MW
88 Technical Rules clause 3.6.11, Generators < 10 MW
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Table 14.1 — Automatic Reclose Out of Sync Close Options

nce | Solution

1 Use the open generator feeder circuit breaker status to disconnect the generator from the
system before the feeder automatic reclose dead time expires.

2 Use a voltage relay to prevent a reclose when a downstream voltage is present

3 Apply check synchronism to the feeder circuit breaker

Refer to Section 14.8 for a list of advantages and disadvantages of each preference.
Reclosers have live line blocking to prevent an out of synchronism reclosure.
14.4.2.2.3.1 Communications Failure

A loss of the communications signal must:

1) Trip the generator if it is established that the communications system has failed. Time delays are
introduced so that fleeting interferences do not trigger this trip unnecessarily.

2) Disable automatic reclose on the generator feeder circuit breaker.
14.4.2.2.3.2 Communications Fail Time

The total communications fail time can vary, depending on the particular communications path that is
installed. Circuit Breaker Failure

14.4.2.2.4.1 Customer Main Switch Failure

It is the user’s responsibility to clear a fault in their facility if the customer main switch (CMS) fails to clear
the fault. Western Power does not provide backup protection for a failure of the user’s HV or LV circuit
breakers. If the generator feeder circuit breaker failure (CB Fail) protection scheme is taken out of service,
the generator must be disconnected.

14.4.2.2.4.2 Circuits Adjacent to the Generator Feeder

Adjacent feeder and transformer circuits can be affected by a generator. The generator will provide current
to faults on adjacent feeders which will lower the transformer’s fault current contribution. The lower
transformer fault contribution may cause sensitivity problems if the adjacent feeder backup protection
system is provided by the transformer LV protection system. If an adjacent feeder or transformer LV circuit
breaker fails to open, the generator may continue to supply fault current to a feeder or transformer fault.
Designs must conform to Section 16 — Protection Sensitivity.

Because of relatively high fault levels on distribution busbars, distribution capacitors on adjacent circuits
usually do not have sensitivity problems.

14.4.2.2.4.3 Direct and Indirect Connections

A generator can be connected to an adjacent feeder circuit or transformer circuit either directly or
indirectly:
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1) Direct connection: the adjacent feeder or transformer CB and generator feeder CB are directly
connected to the same busbar.

2) Indirect connection: the adjacent feeder or transformer CB and generator CB are connected to different
busbars. The generator is connected to the adjacent busbar/s via circuit breakers or disconnectors.

Note that a generator may have constrained access where it is only permitted to operate when connected
under certain operating conditions. For example, a generator may not be permitted to operate under an
indirect transformer connection. This may reduce the scope of work.

Figure 14.1 below demonstrates these connections.

Figure 14.1 — Direct and Indirect Connections
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14.4.2.2.4.4 Adjacent Feeder Faults
One of the following tripping arrangements shall be implemented:
1) LV busbar protection is available.

A feeder CB Fail protection or transformer LV protection must trip into its respective busbar protection
system. This will clear any fault contributions from the generator as the busbar protection will:

a) Trip the generator feeder in the case of a directly connected adjacent feeder backup protection
operation; or

b) Trip the bus section circuit breakers in the case of an indirectly connected adjacent feeder backup
protection operation.

2) LV busbar protection is unavailable.

A feeder CB Fail protection or transformer LV protection must trip the generator feeder with either a
direct trip or an indirect trip.

For faults on indirectly connected feeders, the preferred method is to trip the generator feeder via a
dedicated logic controller relay for CB fail or transformer LV protection operation. This allows the bus
section circuit breakers or bus disconnector auxiliary switches to condition the trip signals.

3
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14 Generation Interconnection Protection

3) Special conditions for indirect transformer connections.

In situations where the embedded generator may be permitted to generate when connected to an
indirectly connected transformer, relay failure conditions on directly connected adjacent feeders must
be accounted for. Solutions include:

a) Duplicated feeder protection on directly connected adjacent feeders; or

b) Installation of a dedicated logic controller to trip generator feeder, based on indirectly connected
transformer LV OC protection trip and status of bus section circuit breakers or bus disconnector
auxiliary switches.

14.4.2.2.4.5 Power Transformer Faults
1) Transformer faults (including HV small zone).

Generator fault contributions to a transformer or transformer HV small zone fault must be cleared for a
transformer LV circuit breaker failure. To ensure this, one of the following tripping arrangements shall
be implemented for directly and indirectly connected transformers:

a) Transformer LV CB Fail and LV busbar protection are both available.

All transformer and HV busbar protection schemes shall initiate the transformer LV CB Fail. The
transformer CB Fail will trip the LV busbar protection system.

Transformer LV CB Fail functionality shall utilise both current-check and auxiliary status check
philosophies.

b) Transformer LV CB Fail is available but LV busbar protection is not available.

All transformer and HV busbar protection schemes shall initiate the transformer LV CB Fail. The
transformer CB Fail will trip the generator feeder either directly or indirectly.

For indirectly connected transformers, the preferred method is to trip the generator feeder via a
dedicated logic controller relay. This allows the bus section circuit breaker or disconnector auxiliary
switches to condition trip signals.

Transformer LV CB Fail functionality shall utilise both current-check and auxiliary status check
philosophies.

2) Neither transformer LV CB Fail nor LV busbar protection is available.

All transformer HV busbar protection schemes shall trip the generator feeder either directly or
indirectly.

The preferred method is to trip the generator feeder via a dedicated logic controller relay. This allows
the bus section circuit breaker or disconnector auxiliary switches to condition trip signal.

3) HV earth faults

When the HV winding of the power transformer is not earthed, there will be no LV current for an earth
fault on the HV winding. When neutral voltage displacement is present on the generator HV it should
detect the fault and trip the generator. To keep designs consistent both the transformer HV and LV
protection systems will trip the generator feeder for CB Fail conditions. Examples include:

a) Delta/ Star transformers
= v westernpnwer Uncontrolled document when printed
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b) Star/ Delta / Star transformer with the HV winding not earthed.
14.4.2.2.5 Transmission Line Faults

A zone substation with a connected generator may have a radial supply from a single transmission line. This
could be the result of:

1) A substation with only 1 transmission line
2) A substation with multiple transmission lines with all but one transmission line being out of service.

When a substation is radially fed, the only source of current from that substation to a transmission line
fault is from the connected generator. If this is a small generator, the fault contribution to the generator
may result in a weak infeed condition.

Some protection schemes cannot detect and clear weak infeed faults. These are typically non-
communications assisted schemes and include time stepped distance and earth fault. The solution for
clearance of weak infeed faults is dependent on system conditions as outlined below.

Figure 14.2 below demonstrates the weak infeed problem when a fault is supplied from a distribution
generator.

Figure 14.2 — Fault on Transmission Line Fed from Generator
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It is expected that a remote end small zone fault can be cleared by PPG anti islanding protection. It is
therefore important that PPG facility will need to be fully compliant to its Technical Rules Obligation. Refer
to Section 14.6.

The only alternative method to clear this type of fault is have a direct intertrip sent from the Remote Zone
Substation upon its buszone protection operating. This solution however, can potentially compromise other
technical obligation for network security & stability because the protection system cannot discriminate
between a busbar fault and a line small zone fault and therefore is not recommended.

Figure 14.3 below demonstrates the remote end small zone fault, weak infeed problem when a fault is
supplied from a distribution generator.
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Figure 14.3 — Fault on Transmission Line small zone from Generator
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14.4.2.2.5.1 Normal System Conditions

Western Power must detect and clear all faults within the Technical Rules clearance times when a
substation is radially supplied during normal system conditions. Western Power must ensure that the
installed line protection can detect and clear a generator’s fault contribution.

14.4.2.2.5.2 Single Primary Outage

Where a single primary outage results in a radially fed substation, Western Power must detect and clear all
faults within Technical Rules clearance times. If the line protection cannot detect and clear the generator
contribution to a fault, two solutions should be presented to the customer:

1) Disconnect the generator when the substation has a radial supply. This solution is normally
implemented with logic in the X/A 21 master station. The master station must monitor the line circuit
breaker statuses to determine if a radial supply exists. If a radial supply exists an inter-trip is sent to the
user’s customer main switch. This can be done via the SCADA system. This solution is likely to be the
less expensive of the two options, but restricts the customer’s access to the network.

2) Upgrade the line protection to a system that can detect weak infeed. This solution may include
upgrading the communications network. The cost of this solution is therefore potentially significantly
more expensive, but allows unconstrained access to the network.

14.4.2.2.5.3 Multiple Primary Outages

An abnormal equipment condition exists when two primary outages results in a radial supply. Under
abnormal equipment conditions, a protection system must detect and clear a fault; however, clearance
times are not defined.

Under abnormal equipment conditions, the user’s protection system or anti-islanding schemes must clear
the generator’s contribution to a fault.

14.4.2.2.6 Relay Reset Requirements

A protection device that trips a generator circuit can be either self or hand reset, depending on the
intended functionality.

Current practice uses hand-reset for CB Fail, transformer and busbar trips. The addition of a generator to
the substation does not change this.
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14.4.2.2.7 Islanding

When a generator becomes islanded, it may drift out of synchronism with Western Power’s system. There
is no VT on the feeder side of the circuit breaker so check synchronism cannot be used to prevent closing
two out of sync systems. The generator must therefore be disconnected from the system when islanded.

The risks of a generator maintaining supply to an islanded section of the network include:

1) Possible damage to generator and other customers’ equipment when the voltage and frequency of the
islanded section is outside acceptable limits.

2) Safety risk for personnel working on the islanded section who are not aware that the islanded section is
still energised.

3) Reconnection of the still energised islanded section to the network may cause damage if the two
sections are out of synchronism.

In order to minimise the above risks, Western Power must ensure that a generator is disconnected when it
is islanded.

14.4.2.2.7.1 Detection

Evidence suggests that the generator islanding schemes may not detect an islanding condition if the load
on the generator feeder closely matches the output of the generator. Western Power must therefore
provide a backup islanding scheme. This backup islanding would normally reside in the substation RTU. This
scheme will detect primary equipment configurations local to the zone substation that represent an
islanding condition.

1) Single LV busbar substations. Islanding will be detected using auxiliary switches from:
a) Transformer HV and LV circuit breakers
b) Bus section LV circuit breakers or disconnectors if there are no bus section LV circuit breakers
HV disconnectors and line protection circuit breakers are not required.

2) Multiple HV or LV busbars. The configuration of the backup islanding protection will be decided on a
case-by-case basis. This will occur at A2 stage in consultation with the market strategic development
section.

The generator feeder’s circuit breaker status will always be sent to the user’s site. The user’s customer
main switch must be opened when the generator feeder circuit breaker is open.

14.4.2.2.7.2 Inter-trip

An inter-trip will be sent to the customer main switch when:

1) A Western Power protection operation results in an islanding condition
2) The generator feeder’s circuit breaker is opened by a control signal
This inter-trip can be done via the SCADA system.

14.4.2.2.7.3 Inter-trip — Critical Services

For customers that are deemed to be a critical services such as hospitals, the intertrip requirement and
arrangement requires the approval of the Automation Control Area Manager.
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14.4.2.2.8 Close Enable Interlock

All generating units exporting 1 MVA or more to the distribution system must provide for a close enable
interlock to prevent closing the user’s CMS until permitted by NOCC.

14.4.2.2.9 Close Inhibit Interlock

For large generator installations connected to the distribution system a close inhibit interlock is required .
This interlock is implemented with the feeder circuit breakers auxiliary contacts. This interlock prevents
closing the user’s CMS until Western Power’s feeder circuit breaker is closed.

14.4.2.2.10 Metering

MW and MVAR metering is used to identify network security issues and to evaluate the impact of planned
outages. At some existing sites only LV volts and feeder current are sent to EPCC. The MWs and MVARs are
estimated assuming the same power factor across all feeders. On feeders with connected generation it is
necessary to have direct MW and MVAR metering from a transducer or feeder relay. If this can’t be
achieved with the existing equipment, then Network Operations needs to advise if this requirement is
necessary.

14.4.2.3 Transmission System Design Requirements

Generators connected to the transmission system are generally larger than 10 MW. These generators must
therefore meet the requirements for generators less than 10 MW plus additional requirements outlined in
section 3.5.2 of the Technical Rules.

14.4.2.3.1 User’s Facility Design Checks

For transmission system connected generators, protection design is responsible to ensure that the user’s
facility meets conditions required for power system security. Short circuit faults in the user’s facility will
generally fall into one of the following categories:

1) Type 1. The short circuit fault directly affects the system security and / or quality of supply. An example
of this is a bolted three-phase short circuit fault in the generator stator. This would bring down the
voltage of the Western Power network at the time of fault.

The protection design engineer must review the generator protection systems for Technical Rules
compliance and good industry practice. This is to ensure that faults within the generator facility have
minimised impact on the SWIS. Included in this review are:

a) Requirements for main and backup protection systems. This includes independent power supplies.
b) Western Power’s requirement that relays satisfy the requirement for no common mode failure:
i) Different manufacturers with different hardware, operating principles and algorithms

ii) Same manufacturer with different hardware (includes input elements and output contacts),
operating principles and algorithms.

2) Type 2. The short circuit fault within the user’s facility does not directly affect system security and / or
quality of supply. The following are examples:

89 Technical Rules Clause 3.5.2 (f)
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a) An earth fault on the generator (delta) side of a delta-star step-up transformer. This earth fault will
not directly affect the Western Power network at the time of fault because of the zero-sequence
isolation of the delta-star transformer. However if this fault remains uncleared it could potentially
damage the generator's installation

b) An inter-turn fault inside the unit transformer windings (protected by the transformer's mechanical
protections or transformer restricted earth fault). This would have negligible affect on the Western
Power network, but could permanently damage the unit transformer.

If either of these faults remain uncleared, then the primary plant is likely to be damaged. This would
have a consequential impact on the network in that this source of generation is then out of service for
an extended duration. The fault itself, however, would not adversely affect the operation of the
Western Power network at the time of fault.

Extensive review of the generator protection schemes for type 2 faults is not necessary. If an issue
concerning a type 2 fault is discovered during the type 1 fault review, it must be brought to the
attention of the user. Follow up by Western Power is not required.

14.4.2.3.1.1 Duplication of User Protection

The following protection functions must be duplicated in the user’s protection system:
1) Out of Step

2) Loss of excitation. Control systems may be used to implement one of the schemes.

3) Generator and step-up transformer differential protection. Use of one overall differential scheme, one
transformer differential scheme and one step-up transformer differential scheme provides some
backup for an LV CB failure.

4) HV CB Fail. Protects against failure of the customer’s main switch (CMS).
The following functions are required but do not need to be duplicated:

1) Reverse power. Loss of excitation protection also protects against reverse power so the reverse power
function does not need to be duplicated.

2) Over frequency. Governor control also protects against over frequency so duplication of the over
frequency function is not required.

Complementary mechanical protections to the electrical transformer protections must be utilised. Refer to
Section 6 — Transformer Protection for a discussion on complementary functions.

14.4.2.3.2 Main Protection System

The operating zone of the main protection system is defined by the current transformers at each end of the
transmission line. Each main protection scheme must be able to protect the line with the other main
protection scheme out of service.

At voltages of 220 kV and above, both main protections schemes at both ends of the line must be digital
differential or interlocked distance to meet total fault clearance time requirements. Below 220 kV
interlocking may be required to achieve critical fault clearance times. Refer to Section 3 — Transmission Line
and Cable Protection.
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System backup time stepped distance shall be provided with the Western Power line protection schemes
for all user installations. This provides some protection for the SWIS should there be a catastrophic failure
within the user’s facility (e.g. both batteries fail).

14.4.2.3.3 Backup Protection System

The line’s backup protection system operating zone is defined by the small zone between the line circuit
breakers and current transformers. Refer to Section 3 — Transmission Line and Cable Protection.

14.4.2.3.4 Synchronism

Check synchronisation is a standard function on transmission circuit breakers connected to generators.
Refer to Section 8 — Circuit Breaker Protection.

14.4.2.3.5 Automatic Reclose

Generators connected at transmission voltages are connected by dedicated lines. Automatic reclose is not
provided on these lines.

14.4.2.3.6 Circuit Breaker Failure

On non-dedicated feeders it is the user’s responsibility to clear faults within their facility if the customer
main switch fails to clear the fault.

14.4.2.3.7 Relay Reset Requirements

Except for CB Fail and busbar protection operations, a protection device that provides tripping for
generator circuit shall be self resetting. This allows the control centre to reconnect the generator circuit
without attending site.

14.4.2.3.8 Inverter Connected Generation

Because the output of wind farms can vary from 0 to rated output total fault clearance times can be
impacted. Depending on the system configuration a weak in-feed condition can be created. Modern
protection relays can detect a minimum fault current of about 0.1 A secondary. If the fault current output
of the wind farm is less than this, the protection relay will not detect it.

The regulation and sustainability branch has set the following technical requirements :

1) No exemption from the Technical Rules is required if the wind farm is able to feed into a fault at rated
output, when operating at full capacity, for a remote total fault clearance time.

2) No exemption from the Technical Rules is required if the wind farm contributes no current to a fault
when operating as a load (no wind)

3) Inthe event of a main protection system failure the wind farm is required to contribute full rated
output, when operating at full capacity, to a remote fault for a period of Technical Rules CB Fail time +
50 ms. This is sufficient time to allow the CB Fail function to clear the fault. This applies to both
Western Power circuit breakers and the customer main switch.

When the wind farm is not able to meet condition 3 above the circuit breaker must be monitored using
a combination of current monitoring and circuit breaker auxiliary contacts. A CB Fail must annunciate to
EPCC. Primary maintenance staff can then be dispatched to repair the faulty circuit breaker.

% Mumbida Wind Farm — Summary of Protection Evaluation
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In order to detect weak infeed faults and meet the above requirement it is necessary to implement:
a) Line protection systems with weak in-feed functionality

b) CB Fail protection conditioned with both circuit breaker auxiliary contacts and current monitoring
when wind farm cannot meet requirement 3 above. This is necessary on:

i) Circuit breakers connecting the generator to the Western Power system

ii) Circuit breakers on adjacent circuits which may experience weak in-feed current from the
generator.
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14.5 Appendix A — Under Voltage Load Shedding Design Requirements

Refer to Section 9 — Feeder Protection and Section 3 — Transmission Line and Cable Protection for standard feeder and transmission line design requirements.

Functions Operation Indication

Function Name ANSI Initiation Selection Resetting Operation Selection Resetting
A/R | CB Fail Local EPCC Local EPCC Local EPCC Local EPCC Local Self

Circuit breaker status Yes

Circuit breaker fail Yes

Additional islanding logic Yes

Disconnector status Yes

Note: Grey areas signify ‘No’ or ‘Not Applicable’

Note: Relay Resetting includes both contact and word bit resetting
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14.6 Appendix B — Roles and Responsibilities
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14.7 Appendix C — Operating Zones

14.7.1 Distribution Voltage
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14.7.2 Transmission Voltage
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14 Generation Interconnection Protection

14.8 Appendix D — Design Options

14.8.1 Sensitivity

If a distribution or transmission circuit does not comply with the Technical Rules sensitivity requirement,
the noncompliance must be entered into the Technical Rules Non Compliance — Protection register.

Refer to Section 16 — Protection Sensitivity for a discussion and recommendations which may result in
compliance.

14.8.2 Automatic Reclose Dead Time

14.8.2.1 Trip Generator Before Dead Time Expires
1) Advantages

a) Does not require additional equipment
2) Disadvantages

a) The circuit breaker status inter-trip is sent via a communications link between the remote terminal
unit (RTU) and the user’s remote monitoring equipment (RME). The automatic reclose dead time
must be set in excess of the time required to send the circuit breaker status from the zone
substation to the user’s (RME). The speed of the communications path must be verified with the
SCADA engineer for each installation °*.

14.8.2.2 Close Inhibit Signal
1) Advantages

a) Does not require additional equipment. Note that a high speed communications link is not required
as this is a backup to the generator islanding protection.

b) Confirms that the generator is disconnected before reclosing the circuit breaker
2) Disadvantages

a) An additional signal is required. The dead time must be in excess of the communications time
required to send the circuit breaker status and receive the generator disconnected status.

14.8.2.3 Llive Line Inhibit

1) Advantages
a) Possibility of an out of synchronism automatic reclose is eliminated
b) The dead time is not extended

2) Disadvantages

a) A dedicated feeder 3 phase VT is required. This requires space in the substation and, depending on
communications costs for option 1 & 2, may not be economically feasible.

91 SCADA substations and terminals with RTUs having control function
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14 Generation Interconnection Protection

14.8.2.4 Sync Check

1) Advantages
a) Possibility of an out of synchronism automatic reclose is eliminated
b) The dead time is not extended

2) Disadvantages

a) A dedicated feeder 3 phase VT is required. This requires space in the substation and, depending on
communications costs for option 1 & 2, may not be economically feasible

b) A relay capable of performing sync check is required
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15 Protection Grading
15.1 Introduction

15.2 Scope

15.3 Functional Requirements

15.4 Protection Grading
15.4.1 Introduction

15.4.2 Maximum Common Currents

15.4.3.1 Radial Systems

15.4.3.2 Ring and Interconnected Systems

15.4.3.2.1 Simple Ring Systems
15.4.3.2.2 Complex Ring Systems
15.4.3.2.3 Simple Interconnected Systems

15.4.3.2.4 Complex interconnected systems

15.4.4 Inverse Definite Minimum Time Grading

15.4.4.1 Pickup

15.4.4.1.1 Pickup Errors

15.4.4.1.2 Negative Phase Sequence
15.4.4.2 Time Multiplier Setting
15.4.5 Grading Margins

15.4.5.1 Fixed Grading Margins

15.4.5.2 Linear Methods

15.4.5.2.1 Fixed Component
15.4.5.2.2 Variable Component

15.4.5.2.3 Major Relay Grading With a Minor Relay
15.4.5.2.4 Major Relay Grading With a Fuse

92 Discrimination can be affected by disk integration. Refer to Appendix C — Disk Integration.
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15 Protection Grading

15.4.6 Total Fault Clearance Time
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15 Protection Grading

15.5 Appendix A — Variable and Fixed Components of Common Relays

9 Siprotec Overcurrent Time Protection 7SJ80 V4.6 Manual
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15 Protection Grading

15.6 Appendix B — IDMT Characteristics

15.6.1 Equations

Table 15.5 lists the IEC60255 equations for inverse time characteristics

Table 15.5 — Inverse time characteristic equations

Characteristic ‘ Equation (IEC60255)

Standard Inverse (SI) _ 0.14
t——Tm4SXEE;7533?———
-1
I

Very Inverse (VI) _
t=TMSx ——F—— (If/ )
I

80

(7)) -1
(“h)-1

Extremely Inverse (EI) t=TMSx——

Long Time Standard Earth Fault t = TMSx

15.6.2 Curves

Figure 15.7 — Inverse time curves
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15 Protection Grading

15.7 Appendix C — Disk Integration

Electromechanical relays use a Ferraris induction disk to respond to overcurrent 1. The current coil
magnetises the part of the relay’s electromagnetic yoke above directly below the disk. The part below the
disk is delayed with a time lag produced by means of a shading ring. The ensuing phase displacement
between the two fluxes causes the disk to rotate. The torque produced by the fault current determines the
speed of rotation of the disk. To prevent the disk from rotating continuously, its motion is opposed by a

spring.

Fixed to the disk shaft is a moving contact which rotates toward a fixed contact attached to the relay frame.
When the moving contact reaches the fixed contact, it initiates tripping. The time multiplier setting (TMS)
on the disk determines the distance the moving contact has to travel to reach the fixed contact. Once the
CB has tripped, the fault current falls to zero and the spring forces the disk to return to its rest (I = 0)
position.

The initial spring tension is adjusted so that the disk just starts to move (observed through a microscope) at
a nominal 1.05 pu of the relay plug setting. When a 1.00 TMS is applied, the reset time following a trip is
adjusted to 9.00 seconds by means of a braking magnet. This is a C — shaped permanent magnet mounted
with the disk in its air gap. It can be adjusted radially relative to the disk. When the disk moves in this
magnetic field, direct currents are induced in it which will produce flux to oppose the movement (Lenz’s
Law). The further out the magnet is set, the greater the opposing torque and hence the longer the disk will
take to reset 12,

The current in the major relay does not always fall to zero following a trip. An example is a feeder (major)
relay with two Y-split reclosers (minor relays). When one of the Y-split reclosers trips the feeder relay will
carry the load current of the other Y-split. The load current in the major relay will tend to oppose the
spring’s torque, slowing the reset time. This effect can be even more significant where the major relay is
the transformer LV. The load current following the recloser trip might only be a sixth or eighth of its total
load, which could increase the reset time from 9 seconds to as much as 30 seconds for a 1.00 TMS.

Disk integration is associated with feeder auto-reclose. If the major relay’s disk reset time exceeds the
recloser dead time, its starting position at reclosure will not be its rest position. This means that the relay’s
TMS is effectively reduced. Thus, if the fault persists, it will operate faster than intended, with the
consequent loss of discrimination. This failure to reset to its rest position is described as disk integration.
Progressive reclosures reduce the effective TMS (i.e. reduce the distance the moving contact has to travel
to initiate a trip).

This phenomenon was particularly common with the old, hydraulic reclosers. Their dead time was
determined by means of a dashpot (i.e. an oil filled cylinder with a small hole in its base). A spring was
released as the recloser tripped, driving a piston to force the oil out of the cylinder. When all of the oil was
expelled, a moving contact attached to the piston would energise the recloser’s closing coil.

The problem was that the slowest dead time thus achieved was typically 4 — 5 seconds. This would be on a
cold morning when the oil was viscous. On a hot day, the oil would be thin, providing a dead time on the
order of a second. These short dead times cause significant loss of discrimination between feeder CBs and
reclosers and also between transformer and feeder CBs.

Numerical technology and the proliferation of numerical relays and reclosers have led to the demise of
hydraulic reclosers. Numerical timers vary with temperature in parts per million. All of the numerical relays

100 A household kWhr meter is similar however a voltage and a current coil are used to produce a turning torque on the disk.

101 The permanent magnet is adjusted during maintenance. With age, the magnet looses its magnetism and cannot be adjusted to meet the relay
specifications. This causes the relay to operate faster. Loss of discrimination is therefore the primary reason to replace electromechanical
relays.
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15 Protection Grading

on the Western Power system are all set to reset instantaneously once the current falls below about 0.95
Iser. The disk relays are still in service without disk integration problems. The now reliable 5 second
autoreclose dead time has eliminated the discrimination problem.

The most likely cause of disk integration today would involve feeder earth fault relays on SWER systems.
Any SWER unbalance on the feeder would appear as load to such a relay. Thus, if a single phase spur’s
recloser tripped and reclosed, the feeder’s earth fault relay’s reset time could be significantly increased.
The effect is exacerbated by multiple recloses and slow feeder earth fault TMS.

The solution with modern reclosers is simply to increase the dead time (not very practical with the
hydraulic reclosers) and / or to try to balance the spurs. With the old reclosers, the solution was to replace
the offending disk relay with a numerical relay 2.

102 Numerical relays preceded numerical reclosers by around ten years.
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16 Protection Sensitivity

16.1 Introduction

The Technical Rules require but do not define the meaning of the term ‘sufficiently sensitive’. This section
defines the errors and risks which must be considered to ensure a protection system meets the ‘sufficiently
sensitive’ requirement.

Sensitivity is fundamentally a Technical Rules compliance issue. Western Power accepts accountability for
managing Technical Rules compliance issues and to:

1) Be aware of Technical Rules compliance issues

2) Implement corrective measures

16.2 Scope

This section applies to all Western Power transmission and distribution circuits.

16.3 Specific Compliance Requirements

16.3.1 Technical Rules Requirements
The Technical Rules require that:

1) Protection schemes must be sufficiently sensitive to detect fault currents in the primary equipment
taking into account the errors in protection apparatus and primary equipment parameters under the
system conditions in clause 2.9.6 1%,

2) Under minimum and maximum system conditions, all protection schemes must detect and discriminate
for all primary equipment faults within their intended normal operating zones %,

3) For abnormal equipment conditions involving two primary equipment outages, all primary equipment
faults must be detected by one protection scheme and be cleared by a protection system. Back-up
protection systems may be relied on for this purpose. Fault clearance times are not defined under
these conditions 1%,

16.4 Functional Requirements

16.4.1 Normal Operating State

Normal Operating State is when all significant elements of the transmission system are in service with either
minimum or maximum generation. All protection systems must be sensitive enough to detect faults in their
operating zone.

16.4.2 Minimum System Condition 1%

Minimum condition is characterized by:

103 Technical Rules clause 2.9.6.(a)
104 Technical Rules clause 2.9.6.(b)
105 Technical Rules clause 2.9.6.(c)
106 Technical Rules Attachment 1 Glossary
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16 Protection Sensitivity

1) The least number of generating units normally connected at times of minimum generation.

2) Thereis one primary equipment outage 1%’ which, in combination with the minimum generation, leads
to the lowest fault current at the particular location for the fault type under consideration.

All protection systems must be sensitive enough to detect faults up to the next downstream protection
system or at the feeder end.

16.4.3 Abnormal Equipment Condition %8

Abnormal Equipment Conditions result in the lowest fault levels to be detected. Abnormal equipment
conditions are characterized by:

1) The number of generating units connected to the power system is the least number normally
connected at times of minimum generation.

2) There is one worst case Generating unit outage. That is, a unit is unavailable that would otherwise be
part of the normal minimum generation pattern. This unit is replaced by another of lower priority in the
generation dispatch schedule. The new unit chosen must result in a credible generating pattern. The
generating pattern must, when combined with the outages in item 3, lead to the lowest fault current at
the particular location of interest.

This has a larger impact on the transmission system when the fault is located close to the optimum
dispatch generator. For example, replacing a Kwinana generator with a Muja generator will have
significant impact on transmission fault levels at Kwinana. Replacing the same generators will have less
impact on the distribution system or transmission faults distant from Kwinana.

3) There are either:
a) No more than two primary equipment outages.

Under these conditions all secondary equipment is in place. The following is an example of how the
protection systems must perform with two primary outages:

i) Aline and the lowest impedance transformer are out of service. The feeder main protection
system is required to detect faults up to and including the first recloser. The feeder second
protection system is required to detect faults up to and including the first recloser if the main
protection system does not include circuit breaker failure. The first recloser is required to
detect faults up to and including the second recloser. The second recloser is required to detect
faults up to the feeder end.

b) No more than one primary equipment outage and no more than one secondary equipment outage.

The following are examples of how the protection systems must perform with one primary outage
and various secondary equipment outages:

i) Feeder main protection out of service: The feeder second protection system must detect faults
up to and including the first recloser.

ii) First recloser out of service: The feeder main protection system must detect faults up to and
including the second recloser.

107 The Technical Rules define an outage as a planned or unplanned unavailability of equipment.
108 Technical Rules Attachment 1 Glossary
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16 Protection Sensitivity

iii) Second recloser out of service: The first recloser must detect faults up to the feeder end.

iv) Third recloser out of service. The second recloser must detect faults up to the feeder end.

16.5 Overcurrent Sensitivity

16.5.1 Overview

16.6 Performance
16.6.1.1 Protection Sensitivity Factor — Target (Kpser)

16.6.1.2 Protection Sensitivity Factor - Calculated (Kpsec)

16.6.1.3.1 Example

16.6.2 Kpsrr =

16.6.3.1 Errors

16.6.3.1.1 Relay Errors

16.6.3.1.1.1 Electromechanical Relays
16.6.3.1.1.2 Numerical Relays
16.6.3.1.2 Current Transformer Errors
16.6.3.1.2.1 P Class CT

16.6.3.1.2.2 PX Class CT

16.6.3.1.3 Plant Parameter Errors
16.6.3.1.4 Calculation Errors

16.6.3.1.5 Summary of Errors

16.6.3.2 Risks

16.6.3.2.1 TPES Data Quality Risk
16.6.3.2.2 Load Modelling Risk
16.6.3.2.3 System Configuration Risk
16.6.3.2.4 Fault Impedance Risk
16.6.3.2.4.1 Low Fault Impedance
16.6.3.2.4.2 High Fault Impedance

109 The engineer must decide the worst case fault type and consider the nature of the element they are setting (i.e. phase, NPS, EF, SEF, etc)

110 Historically distribution planning have also accepted a Kpsir = 0.7 .

111 “Hard To Find Information About Distribution Systems”, by ABB (DM # 7168193)

112 Note that negative phase sequence is generally set higher that the earth fault pickup so unbalance should not be an issue.
113 Historically, Western Power has applied an absolute maximum earth POC of 60 A.
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16.6.3.2.6 Safety Margin
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16.6.3.2.7 Summary of Risks

16.6.3.3 Kpser = Required
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16.6.4 Remedial Measures When Psp < 0%
16.6.4.1 Enable Negative Phase Sequence

16.6.4.2 Modify Existing Settings

16.6.4.2.1 Single Phase Systems

16.6.4.3 Numerical Relay

16.6.4.4 Add a Back-up Protection system
16.6.4.5  Recloser Location

16.6.4.6  Load Encroachment

16.6.4.7 De-rate the Transformer

16.6.5 Managing a Psp < 0%

16.6.5.1 Distribution Engineer’s Responsibility

16.6.5.2 Protection Engineer’s Responsibility

16.7 Protection Sensitivity - Transmission System
16.7.1 Fault Detection

16.7.1.1 Differential Element

16.7.1.2 Distance Element

16.7.1.3 Overcurrent Element

16.7.1.3.1 Non-interlocked Directional Earth Fault

16.7.1.3.2 Interlocked Directional Earth Fault Comparison
16.7.2 High Impedance Faults
16.7.3 Weak Infeed

16.7.4 Design Options

JE!WEStErnPﬂWEI' Uncontrollled document when printed
S © Copyright 2024 Western Power
Page 253 of 377



16 Protection Sensitivity

16.8 Appendix A — IDMT Curves
16.8.1 Electromechanical Relays

16.8.1.1 Errors
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16.8.2 Numerical Relay

16.8.2.1 Errors
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16.9 Appendix B — Single Phase System
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16.10 Appendix C — Effect of Tap Changer

16.10.1 Discussion
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16.11 Appendix D — Fuses

16.11.1 Drop Out Fuses

16.11.2 High Rupture Capacity Fuses (HRC)
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16.12 Appendix E — Rules of Thumb
16.12.1 Single Conductor Circuits
16.12.2 Bundled Conductors

16.12.3 Cables and Aerial Bundled Conductors
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17 Selecting Instrument Transformers
17.1 Introduction
17.2 Scope

17.3 Specific Compliance Requirements

17.3.1 Relevant Australian Standards
17.4 Functional Requirements

17.5 Transformer Fundamentals

17.5.1 Conventions
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17.5.1.1 Current Transformers

17.5.1.2 Interposing Current Transformers

17.5.1.3 Voltages Transformers
17.5.2 Performance Specification Relationships

17.5.2.1 Current Transformers

17.5.2.1.1 M Class

17.5.2.1.2 P Class

17.5.2.1.4 PX Class

114 previously this performance would have been specified as 5P300F30
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17.5.2.2 Interposing Current Transformers

17.5.2.2.1 M Class
17.5.2.2.2 PX Class

17.5.3 Magnetising Current
17.5.4 Knee Point Voltage

17.5.5 Remanence

115 Wikipedia
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17.6.1 Design Requirements
17.6.1.1 CT Earthing
17.6.1.2 Tap Ratio

17.6.1.3 Busbar Protection
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17.6.2 Specification Requirements
17.6.2.1 M Class

17.6.2.2 P Class

17.6.2.2.1 Rated Output
17.6.2.2.2 Accuracy Class
17.6.2.2.3 Accuracy Limit Factor

17.6.2.3 PR Class

17.6.2.4 PX Class

17.6.2.4.1 Ratio
17.6.2.4.2 Magnetising Current
17.6.2.4.3 Knee Point Voltage

17.6.2.4.3.2 Reliability
17.6.2.4.4 Secondary Burden

17.6.2.4.5 Thermal Rating
17.6.2.4.5.1 Continuous Rating
17.6.2.4.5.2 Short Time Rating

17.7 Interposing Current Transformers
17.7.1 Design Requirements

17.7.1.1 Transformer Differential Schemes
17.7.1.1.1 Star / Delta IPCT

17 7.1.1.3 HV Restricted Earth Fault
17.7.1.2 Busbar Protection

17.7.2 Specification Requirements

17.7.2.1 Ratio

116 Joe Mooney, Distance Element Performance Under Conditions of CT Saturation, Schweitzer Engineering Laboratories, 2007, p1.

117 Ryo = [Rao X (235 + 40)] / (235 + 20)

118 The older main CTs had a ratio 150 / 0.577 with the secondaries connected in delta to yield an output of 1 A. The delta winding filters the zero
sequence currents to meet requirements of relays such as the 42C1 and D21SE. The delta winding also provides a 30° phase shift to
compensate for that of the power transformer secondary. While the D21SE is now obsolete and would be replaced with a numerical relay, the
42C1 is still reliable and is not normally replaced.
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17.7.2.1.1 Transformer Differential Scheme
17.7.2.2 Magnetising Current

17.7.2.3 Knee Point Voltage

17.7.2.4 Secondary Resistance

17.7.2.5 Thermal Ratings

17.7.2.5.1 Continuous Rating
17.7.2.5.2 Short Time Rating

119 |n Figure 7, G and H refer to the IPCT resistances and F and K refer to lead resistances.
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17.8 Voltage Transformers
17.8.1 Design Requirements
17.8.1.1 VT Earthing

17.8.1.2 Secondary Burden

17.8.1.2.1 Shunt Resistors

17.8.2 Specification Requirements

17.8.2.1 Inductive VTs

17.8.2.1.1 Rated Primary Voltage
17.8.2.1.2 Rated Secondary Voltage
17.8.2.1.3 Rated Output

17.8.2.1.4 Accuracy Class

17.8.2.1.5 Rated Voltage Factor

17.8.2.2 Additional Specification Requirements for Capacitive VTs

17.8.2.2.1 Transient Response
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17.9 Appendix A — Transient Analysis

17.10 Appendix B — Zero Sequence Filtering
17.10.1 IPCT Required

17.10.2 IPCT Not Required

17.11 Appendix C — IPCT Ratio Effect on Transformer Bias Setting

121 Manufacturer recommendation
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17.11.1 Example of a Ratio Adjusted IPCT

17.11.2 Example of a Ratio Not Adjusted IPCT
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18 Transformer Sequence Networks and Fault Currents

18.1 Scope

This section derives the phase currents from sequence currents for LV faults on transformers used on the
Western Power system. It is intended to be a basis for design engineers to verify current distributions for
various combinations of transformers. It can also be used to verify modelling and field results.

18.2 Introduction
18.2.1 General

18.2.1.1 Fault Configurations

The following fault configurations are examined:

1) Bolted 3 phase fault

2) Bolted fault between b and ¢ phase

3) Bolted fault between a phase and earth

Down-stream impedances are ignored (fault is very close to LV busbar) and load current is not included.

The calculations in this document are done in per unit (refer to Section 18.13).

18.2.1.2 Equations

The following equations are used to simplify the sequence current equations (refer to Section 18.12 for a
list of common notation):

Z* = le + ZlH + ZlL
Z** = le + ZlH + ZlL + ZZS + ZZH + ZZL

Zor(Zos + Zow) )

K= 2(Z1s + Ziy + Z11) + Zo, + <
Zos + Zou + Zor
18.2.1.2.1 Star Connected Winding

Liine = Iphase

Viine29 = V3VphaseZp + 30°
18.2.1.2.2 Delta Connected Winding
Line29 = V3lppase £ + 30°

Viine = Vphase

18.2.1.2.3 Phase — Phase Fault Level

3 . .
|Iph_ph| = g |13ph||s derived from the sequence networks:
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18 Transformer Sequence Networks and Fault Currents

I =—[ = 120°
TR T+ 7,
L. =gl _14—120°
3ph = a™ly = 7
Ioh pn = @l —al, = \/jfzgoo, (usinga® — a = —jV/3)
- 1142
\/32-90 V3
|Ib_ph—ph| = | 7,47, | = 7|Ib_3ph|, (Z1 = Z3)

Refer to Section 18.11 for a diagrammatic representation of the ‘a’ operator.

18.2.1.3 Vector Representation

The vector representation of a transformer describes the number of windings and their interconnection.
The order of the representation is:

1) HV winding with, if any, earthing

2) If an autotransformer an ‘a0’ designates that it is an autotransformer with no phase shift.
3) Tertiary winding with phase shift (i.e. d11 is Western Powers standard delta winding)

4) LV winding with, if any, earthing

5) Earthing transformers with no auxiliary windings for load are represented as ‘zn’. If there is an auxiliary
winding then the representation will be either a ‘zn1’ or ‘zn11’.

As an example the 490 MVA autotransformer vector representation is YNaOd11 + zn1. The HV/LV is
earthed, there is a d11 tertiary winding and a zn1 earthing transformer (with auxiliary winding).
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18 Transformer Sequence Networks and Fault Currents

18.2.2 Earthing Transformers

Earthing transformers are used to provide a zero sequence path to the zero sequence bus. They are
typically used when the LV winding is an unearthed star or a delta winding.

Earthing transformers are configured in a zigzag arrangement which automatically equalizes the zero
sequence flux in each core. This occurs because each core has two equal windings which have opposite
currents. Figure 4.2.1 shows the current distribution in an earth transformer and a zn1 vector grouping.

Figure 18.1 — Earthing transformer current distribution (zn1)
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18.2.3 Ampere Turns Balance

18.2.3.1 Tertiary Windings
Tertiary windings are used to:

Provide a zero sequence current path. Tertiary winding are interconnected in a delta configuration as
shown in Figure 18.2.

1) Earth fault current flowing in the earthed LV star winding produces flux in the core. The flux resulting
from the earth fault current produces zero sequence currents in the tertiary winding. The zero
sequence currents flowing in the tertiary winding produce zero sequence flux in the core. The zero
sequence flux opposes the flux resulting from the earth fault current (Lenz’s law). Any flux unbalance in
each phase of the core is cancelled by the 2-1-1 phase currents in the unearthed HV star winding.

2) Capacitors, reactors, station supplies or generators can be connected to tertiary windings.
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18 Transformer Sequence Networks and Fault Currents

Figure 18.2 — Earth fault on transformer with tertiary winding. Ampere turns in each phase are balanced
so the transformer core does not saturate.
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18 Transformer Sequence Networks and Fault Currents

18.2.3.2 Tank Delta

In addition to the tertiary winding, zero sequence flux also flows between the core and the transformer
tank. This effectively forms a tank delta zero sequence impedance (Zg tankpeita) Which is in parallel with the
tertiary winding zero sequence impedance.

The tank delta zero sequence impedance is typically 75% to 300% of the transformer positive sequence
impedance. As an example, given a 10 MVA transformer with Z1. = 7.72% the tank delta is impedance is
5.79% < Zo tank pelta £ 23.16%. Because of the tank delta, zero sequence currents flow in the LV winding even
when a tertiary winding (Zor) or an earthing transformer is not present. Tank deltas are not relied on to
provide a zero sequence path because:

The current flowing between the core and tank causes the tank to radiate which can interfere with
communications.

It is expensive to have the manufacturer size the tank to provide a defined maximum tank delta impedance.
If the tank delta impedance is too high, the fault current may be too low. Figure 18.3 demonstrates that a
tank delta still provides a 2-1-1 split on the HV windings.

Figure 18.3 — Earth fault on transformer without tertiary winding
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18 Transformer Sequence Networks and Fault Currents

18.2.3.3 Turns Ratio
To prevent core saturation the ampere turns on a core must sum to zero:
[1N1 = I,N;, therefore N1 / No=1, /11 =n

To balance the ampere turns, the flux created by the current in the HV winding induces an opposing current
in the LV winding. The standard convention used in this document is that a positive current flowing into A;
and out of A, produces a current flowing out of a; and into a,.

A ‘“flick’ test shown in Figure 18.4 verifies the Terminals markings and current flow. A battery positive is
connected via a switch to A; and negative to A,. A balanced voltmeter positive is connected to a; and
negative to a;. When the battery positive is applied to Terminals A;, the voltmeter deflects positive. When
it is removed the voltmeter deflects negative (Lenz’s law).

Figure 18.4 — Single phase transformer
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18.2.3.3.1 Turns Ratio in a Single Phase System

The turn’s ratio, n, is used to balance the ampere turns between the LV and HV windings. For the single
phase transformer shown in figure 4.4.1.1 the turns ratio is defined by the following equation:

Vi
£

_phase I
L

_phase Nl
N,

Turns Ratio =n =
_phase _phase

Where I1, N1 and V1 refer to the primary side and 12, N2 and V2 refer to the secondary side.

To transform a current at a lower voltage to a current at a higher voltage, divide the LV current by the turns

ratio.
LNy = LN, o I, = 2 = L2
1Vg = N = Iy = 2N1_n
To transform a current at a higher voltage to a current at a lower voltage, multiply the HV current by the
turns ratio.
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Ny
11N1 = IZNZ o 12 = IlN_ = n11
2

18.2.3.3.2 Turns Ratios in Three Phase Systems

Convention dictates that three phase systems are described by their line voltages (i.e. V..) and line
currents. Conversely, all transformer action in a three phase system takes place on a per phase basis. The
HV and LV windings of each phase are wound onto the same limb of the transformer core. The windings
therefore produce phase currents and voltages. The phase windings determine the line currents and
voltages in the three phase system. The actual turns ratio accounts for the transformation from phase
currents and voltages to line currents and voltages.

Tap positions are always described by their line voltages, but they are spaced according to their phase
voltages (i.e. by V.. / V3 for star windings).

18.2.3.3.2.1 Star / Star Actual Turns Ratio

In a star connected system Viine = V3 Vphase.

V1_Iine v
1
Turns Ratio = n = V\/§ — __-phase = Actual Turns Ratio =n
2 line Vz_phase
V3

18.2.3.3.2.2 Star / Delta Actual Turns Ratio

In a star connected system Viine = V3 Vphase. In @ delta connected system Viine = Vphase. The HV line voltage
must be converted to a phase voltage by dividing by v3. The actual turns ratio is therefore created by
dividing the turns ratio by a factor of v3.

Vl_line
\/§ _ i Vz_phase
Vz_phase \/§ Vl_line

18.2.3.3.2.3 Delta / Star Actual Turns Ratio

= Actual Turns Ratio =

Turns Ratio = n =

n
V3

In a star connected system Viine = V3 Vphase. In @ delta connected system Viine = Vphase. The LV line voltage must
be converted to a phase voltage by dividing by V3. The actual turns ratio is therefore created by multiplying
the turns ratio by a factor of v3.

Vi V.
Turns Ratio =n = Line _ V3 2_phase = Actual Turns Ratio = V3n
VZ_Phase Vl_line
V3
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18.2.4 Autotransformers

H
>
Ny = Total E
VH Turns IH E

H-N Iy >
I N, = Total
Turns
L-N

A

O*+—=<—>»0r"

L-N = Common Winding
H-L = Series Winding

[iNy = 1IN therefore I}, = IHx—H > 1y ~ Ny >N,
L

Common winding current = I~ Iy

Iy Ny v,
"TLTN TV,

18.2.5 Delta Winding Vector Groups

Depending on how the windings are terminated, a delta winding can have either a vector grouping of d11
(11 o’clock) or d1 (1 o’clock). The vector grouping is defined by the relationship between the HV and LV
reference phase voltage. With a vector grouping of d11 the a-n LV voltage leads the A-N HV voltage by 300.
With a vector grouping of d1 the a-n LV voltage lags the A-N HV voltage by 300. Western Power typically
uses vector group d11.

1) YNd11

Figure 18.5 shows how connecting the delta Terminals in the following sequence produce an +30°
(lead) phase shift in the a-n LV neutral voltage:

2) YNd1

Figure 18.5 shows how connecting the delta Terminals in the following sequence produce an -30° (lag)
phase shift in the a-n LV neutral voltage.

Figure 18.5 — d11 and d1 vector groups

d11 (a1-b2, b1-Cz, C1-az) d1 (a1-C2, C1-b2v b1-a2)
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18 Transformer Sequence Networks and Fault Currents

18.2.6 Process

The process of determining the phase currents from the sequence networks consists of four steps:
1) Draw the sequence network

2) Determine the sequence currents

3) Determine the phase currents

4) Draw the phase current diagram

18.2.6.1 Draw the Sequence Network

18.2.6.1.1 Positive Sequence

The generator is connected in the positive sequence network.

Any phase shift between star and delta windings is shown on the positive sequence network.

If the tertiary winding is not brought out, the tertiary Terminals does not exist. On some star — delta — star
transformers at some Terminals yards the tertiary is brought out to supply capacitors or reactors.

18.2.6.1.2 Negative Sequence

If the tertiary winding is not brought out, the tertiary Terminals does not exist. On some star — delta — star
transformers at some Terminals yards the tertiary is brought out to supply capacitors or reactors.

Any phase shift between star and delta windings is shown on the negative sequence network.
18.2.6.1.3 Zero Sequence

On some star — delta — star transformers the tertiary is brought out to supply capacitors or reactors.
Because a tertiary delta winding is never connected to earth, the tertiary Terminals is not connected to the
zero sequence bus directly. When the tertiary is brought out, an earthing transformer is used to connect
the tertiary to the zero sequence bus. If the tertiary winding is not brought out, the tertiary Terminals does
not exist.

Phase shifts do not appear on the zero sequence network.
Series and shunt links are used to show how the windings are connected to the zero bus. The rules are:

1) Series links are closed when the winding has an earthed neutral. Series links are shown as ‘A’ links in
the examples below. ‘A’ links represent earth connections.

2) Shunt links are closed when the delta winding is closed and open when the delta winding is open. Shunt
links are shown as ‘B’ links in the examples below. ‘B’ links represent flux equalization paths.

Link Closed Link Open
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18 Transformer Sequence Networks and Fault Currents

If the HV is earthed via an impedance of Zy, it is modelled in series with the source impedance as 3 Zy. The
factor of 3 comes from the fact that the sequence networks represent I3, |, and lo. However 310 flows in the
neutral. To correct the sequence voltages, Zy becomes 3Zy (i.e. Zn is a single phase R or X).

18.2.6.1.3.1 Tank Delta

Figure 18.6 shows a typical tank delta in the zero sequence network.

Figure 18.6 — Tank Delta

Zos H ZOH ZOL L
— [ +o—oco—— X1 A1 ao—o0
‘Ay’ Link ‘AL’ Link
ZO.Tank Delta
‘B’ Link ‘BL’ Link
? T .
O

The value of a measured Zgralways includes the contribution of the tank delta. The tank delta is included in
the diagrams shown in this document; however it is not included in the calculations. If there is a link in the
delta winding, it can be opened to measure the tank delta.

18.2.6.1.3.2 Two Winding Transformer Example

With two winding transformers there will be two ‘A’ links and two ‘B’ links. As an example, a star — delta
with an earthing transformer and the HV solidly earthed would be modelled as follows:

Zos H Zon Zon

1) The ‘A4’ link is closed because the HV is earthed. The 3 Zy impedance is absent because these
transformers are solidly earthed.

2) The ‘By’ link is open because the HV winding is not a delta.
3) The ‘B!’ link is closed because the LV winding is a delta.
4) The ‘A/’ link is open because the LV winding is not earthed.

5) The earthing transformer provides the zero sequence path and is connected externally across the LV
and neutral Terminals.

6) The tank delta is shown without a link because it is always present.
18.2.6.1.3.3 Three Winding Transformer Example

With three winding transformers there are 2 series links and 3 shunt links. As an example, a star — delta —
star transformer with the HV and LV solidly earthed would be modelled as follows:

8 westernpuwer Uncontrolled document when printed

© Copyright 2024 Western Power
Page 278 of 377



18 Transformer Sequence Networks and Fault Currents

ZoL L
[ &~ 1 QO—-O
‘Al Link
Zo Tank Delta

‘BL Link

T 5

1) The ‘A4’ link is closed because the HV winding is earthed. The 3 Zy impedance is absent because these
transformers are solidly earthed (i.e. Zy = 0).

2) The ‘By’ link is open because the HV winding is not a delta.

3) The ‘BY link is closed because the tertiary winding is a delta.

4) The ‘Af’ link is not shown because it is always open (the delta tertiary is never earthed).
5) The ‘B!’ link is open because the LV winding is not a delta.

6) The ‘A/ linkis closed because the LV winding is earthed.

7) The tank delta is shown in parallel with the tertiary impedance and is always connected to the zero
sequence bus.

8) The tertiary is not brought out so the tertiary Terminals is not shown.
18.2.6.2 Determine the Sequence Currents

In general, 120° = E,;,_,,£0°. In per unit on base MVA, ‘S, E,,_,, = S andl; = zi If Eph-n is off nominal
1

(i.e. at 1.03 pu pre fault volts) Eph-n =1.03 Sand 11 = —50“”20”“”8'

1

18.2.6.2.1 Three Phase Fault

The negative and zero sequence buses are not connected

11=1;°° L=0 I,=0

From Figure 18.7 it can be seen that l, + [, + =0

Figure 18.7 — Three phase fault

a
Power b
System .

1

Figure 18.8 shows the relationship between the source E, Z;, and I1. For balanced faults I, =10 =0
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18 Transformer Sequence Networks and Fault Currents

Figure 18.8 — Three phase fault

Zss Zi7x

From sequence theory:

1) lLi=h+lh+lo=1

2) lb=a’li+al;=a%l

3) lc=ali+a’l,=al
18.2.6.2.2 Phase to Phase Fault

From Figure 18.9 it can be seen thatl,=0and Iy = -l..

Figure 18.9 — phase — phase fault

_ao
Power

b
System :21
1

Figure 18.10 shows the relationship between the source E, Z3, |1, Z; and .
Figure 18.10 — phase — phase fault

Zis  Zix T1=F2 Zyy oz
— H F—O0— H o

A

E @ I [

O

N1=N2

—E
Z1+Z,

From Figure 18.10 it is seen that I; = and [, =

Z1+2,
From sequence theory:
1) la=l1+1,+1p=0, therefore I, = -I; (for faults clear of earth, I = 0).

—jV3E
Z1+2,
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. +jV3E
3) le=ali+a’l =l (a—a?) =+ V3 '1=szz2
18.2.6.2.3 Phase to Earth Fault

E
Z1+27Z,+ 27,

L=5L=1I=
18.2.6.3 Determine the Phase Currents

The following equations are used to derive the phase currents:
18.2.6.3.1 Line Currents through the LV Terminals

Iy =1Iop + 1y + 151

I, = Io, + a*ly, + aly;,

I, = Iy, +aly, +a?ly;

18.2.6.3.2 Line Currents through the HV Terminals

Iy =loy + iy + Loy

Ig = oy + a*Liy + aly

Ic = Ioy + aliy + a*Ly

18.2.6.4 Draw the Phase Current Diagram

Currents are shown flowing into the HV Terminals and out of the LV Terminals. The arrow is a reference for
the angle. The direction of current flow is determined by the angle.

As an example, a current of 1£0° drawn flowing into the HV Terminals is actually flowing into the HV
Terminals. A current of 12180° drawn flowing into the HV Terminals is actually flowing out of the HV
Terminals.

In the example below, the current is flowing from left to right

Iy = 1£0°

T

...._O_.....
In the example below, the current is flowing from right to left

I, = 1£180°
~h
...._O_....
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18 Transformer Sequence Networks and Fault Currents

18.2.6.5 Example

Earth fault on a YNd11 + zn transformer

18.2.6.5.1 Draw the Sequence Network

The sequence network for this transformer is shown below:

l1H

I1L

o (e}
Zis y Zin 1£0° 1430 Zi —
o—1=%1 }H{ =1 o
1£0°
N
O
I2H |2L
Zos — Zon 1£609, 1.£30° ZaL —
O 1 3 ‘F —=1 O
A = 3 t A
N
O
lon
Zos H Zon Zo
O—QO—T1=& 1
“Ay Link
|:Di| ZO Tank Delta
By’ Link ‘B’ Link

There is a +30° phase shift from the star winding to a d11 delta winding in the positive sequence network.
There is also a +30° phase shift from a d11 delta winding to the star winding in the negative sequence
network. These phase shifts result in the negative sequence HV current leading the positive sequence HV

current by 60°.

18.2.6.5.2 Determine the Sequence Currents

Define Z** = Zys + Zyy + Zy + Zos + Zoy + Z5,.

Lo e
M= 2200
[ o 180
M= i zp,
IOH - 0

[ 130

™ 74 Zpr

[ 130

L

I =0 I

From the sequence network it can be seen that:

loyy = Iy, = Iy,

2= westernpuwer

12£30°

T4 Zyer
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18.2.6.5.3 Determine the Phase Currents

18.2.6.5.3.1 Line Currents through the LV Terminals

1) Ip=lg+h +L =

2230°
Z**+Zgr
\}
4\55
Y I\
. 0 " L’;
4\?“ X\’L\’
A\ 4\\\’

\o

2) Ib = IOL + a211|_ + a|2|_ =

_ (1£240°)(1£30°) (1£120°)(1£30°) _ (1£-150°)

I =1230°

Iy, =1£-150°

alpp, = (1£120°)1£30°) = 1£150°

_._-‘glwesternpuwer

a2y = (1£240°)1.£30°) = 1.2 - 90°
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(12120°)(1230°) . (12240°)(1£30°)  (12-150°)
3) IL‘ = IOL + a|1|_ + a212|_ = + =
I =1230°
Tp =12 -150°

a2lyp =(1£240°)1.£30°) = 1.£ - 90°

al = (1£120°)1.£30°) = 1.£150° ™Y

18.2.6.5.3.2 Line Currents through the HV Terminals

1,0° 1,60°  \/3230°
¥ +Zoer | Z*+Zoer Z**+Zoer

1) h=1Ioy+hy+hy=
The current in the LV phase winding flowing from Terminals a2 —al induces current in the HV phase

winding from Terminals A1 — A2. This results in a current entering the HV winding from the system with
an angle of 30°.

Iy =1£0°

/
N
57 oF
o
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(12240°)(120°)  (12120°)(1260°)  v32—-150°
2) IB = IOH + a211H + a|2H = =

The current in the LV phase winding flowing from Terminals b1 — b2 induces current in the HV phase
winding from Terminals B2 — B1. This results in a current entering the HV winding from the system with
an angle of -150°.

S
A°

B

) &
D
V4

Iy = 1£180° g

_(1£120°)(1£0°) | (1£240°)(1£60°)

I =1 I 2Ly =
3) Ic =1Iou+aly+a’hy T 1200 T Zyer 0

‘(\1'\
o™
(\1»\7\

o

Q@j\
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18.2.6.5.4 Draw the Phase Current Diagram

3o

Z**+ZoET
— H

O

~ Bz-1s0°
B Z**+Z0ET
> H

2/30°

Y
L+ OET

a

3/30°

f= Z¥*+ Z0ET

1£30°
Z**+ ZOET

1/30°

b=, TZ**+ZOET E

All quanties are in per unit values

18.3 Autotransformer (YnaOd11 + znl)

o |

D

o+

=a WE sternpuwer

43

1p.£0°=31,
—

anlk ; - -
1.230° T N L L =%
Z**+ZoET "y
a
) L/30° T 1£30°
c=E—————— Z**+ZOET
Z**+Z0ET
-— 1I.=0
L v
T 1£30°
Z**+ ZOET

=

i
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18.3.1 Three Phase LV Fault

18.3.1.1 Sequence Network

i I
Zss H Ziy Zy -1
——1+—o0 e L 5
It
1£0° 1£30° 7 —
3lle 1T T
1200 € (21—
N
O
I2H |2L
Zss > Zon Za -
—L 1§ O =N &1 O
lot
1£0° 1£-30° —
3lle 2T T
3[|E L& f O
N
O
lon loL
Zos H Zon Zo L
AU Link
Zot T
O
?|E| Z0 Tank Delta
) ZogeT [
‘B’ Link ? ‘Br’ Link [-] ‘B’ Link ? ! I

18.3.1.2 Sequence Currents

Define Z* = le + ZlH + ZlL

Ly = 1;*00 Iy = 1;*00

Ly=20 L =0

Ioy =0 I =0

Liy=0 Lr=0 Ior=0

From the sequence network it can be seen that:
Ly =1y
18.3.1.3 Phase Currents

18.3.1.3.1 Line Currents through the LV Terminals

120°

lo =1y +1I + L = %

(12240°)(120°) 12 — 120°
7* T 7w
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IC = IOL + a211|_ + a|2|_ =

(1£120°)(1£0°) _12120°

Z*

Z*

18.3.1.3.2 Line Currents through the HV Terminals

Iy =Ioy + Iy + Ly =

12£0°
Z*

(1£240°)(1£0°) 1z -120°

IB = IOH + azllH + aIZH = 7*

(1£120°)(1£0°) _12120°

Z*

IC = IOH + allH + G,ZIZH = 7*

18.3.1.4 Phase Current Diagram

A

Z*

az
-

!
c_common,

I_common

|c,se>es' C2

by 1
\bz o_series Iy = _*l —1209

Uncontrolled document when printed
© Copyright 2024 Western Power

Page 288 of 377



18 Transformer Sequence Networks and Fault Currents

18.3.2 Phase to Phase LV Fault

18.3.2.1 Sequence Network

l1n

Zis H Ziy Zy -

O LA | A | O

liT
1£0° 1£30° Zir —

1200 }H{ (2 }—o0

N

O

I2H |2L

Zss H Zon Zy L

—L1 O A | { A= | O

lot
1£0° 1£-30° Zor _T>

J————o

N

O

loL,

Zo L

{ A= | Q0—O0

Ay Link ‘AL’ Link
-
¢|0T¢ D ZO Tank Delta
‘B’ Link ? ZO’ET
N

18.3.2.2 Sequence Currents

Define Z**
1£0°

hw =7+
-120°

by =—5

IOH = 0

ILiy=0

1£0°
L=+

~1£0°
by =—+
IOL =0
Lr=0

=Zist Zyw+ Zy+ Zys+Zon+ 27y

IOT

From the sequence network it can be seen that:

Ly = Iy
Ly =1
Iy = —hy
Iy ==l

2= westernpuwer
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18.3.2.3 Phase Currents
For a ‘b’ to ‘¢’ fault
18.3.2.3.1 Line Currents through the LV Terminals

12£0° —120°
Z** + Z** =

ly=Ig+L+L =

(12240°)(1209) | (1£120°)(~120°) _ V32— 90°

Ib =Io|_+a211|_+a|2|_= Z%x 7% 7%

(1£120°)(120°)  (1£240°)(—120°) /3290°
IL‘ =Io|_+a|1|_+a212|_= Z%% + Z%x == 7%

18.3.2.3.2 Line Currents through the HV Terminals

120° —120°

IA:IOH+11H+IZH22*—*+ Z**

(1£240°)(120°)  (12120°)(—120°) /32 —90°

IB :0H+ aZI]_H + a|2H =

(12120°)(1£0°)  (1£240°)(—120°) V3290°
I = Ipy + alyy + a?hy = = + T =~
18.3.2.3.3 Tertiary Currents
Ly =Ior + 1y +al;r =0
Iy = Iotr +a?li; +al,r =0
Iq=Ig+alir+a’Lr=0
18.3.2.3.4 Common Currents
Ia_Common =l,—I,=0

Ib_Common =Ilp—Ig=0

Ic_Common =I.—1Ic=0
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18.3.2.4 Phase Current Diagram

IA =0

O e

a

—
a
A3 le_common,
a~

lc_series_ C2

Ib_common

by

=a WE sternpuwer
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18 Transformer Sequence Networks and Fault Currents

18.3.3 Phase to Earth LV Fault

18.3.3.1 Sequence Network

lin I
Zis H Zin Zw _L>
O =1 &1 O
li7
1£0° 1/30° —
3lle Zir T
1£0° SHE L& | O
N
O
I2n loL
Zzs _H> ZZH ZZL _L>
O X1 &1 O
lot
1£0° 1£-30° z ———
3lle 2T T
3|[E L& | O
N
O
IOH IOL
Zos H Zow ZoL L
Ayt Link A Link
Zot T
?|E| Zo Tank Delta
By’ Link [} ‘B’ Link ? Zoer

18.3.3.2 Sequence Currents

Zot (Zos+Zon)

This is the impedance used to determine the

DefineZ*** = Z(le + ZlH + ZlL) + ZOL +

common current through the:
1) Positive sequence HV and LV Terminals
2) Negative sequence HV and LV Terminals

3) Zero sequence LV Terminals

Z . . . .
—=% s the current divider factor used to determine the portion of the common current that flows
Zos+Zon+Zot

through the zero sequence HV Terminals.

Zos+Zon
Zos+Zon+Zot
through the zero sequence tertiary winding.

is the current divider factor used to determine the portion of the common current that flows

The sequence currents can then be written as:

[ = LoV [ leov
120V 120V
by =—o Lo =—5
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18 Transformer Sequence Networks and Fault Currents

1£0°V (L)

jA— Zos+ZoH+Zot I = 120°v
Zos+Z
1LOOV( 05+ZoH )
L-=0 I=0 I = Zos+ZoH+ZoT
1T — 2T — oT — ZHE®

From the sequence network it can be seen that:
Ioo =l = L = Iiy = Ly

o = Iou+1or

18.3.3.3 Phase Currents

18.3.3.3.1 Line Currents through the LV Terminals

320°

Z***

o=l +L+1L =

(120°) (1£240°)(14£0°) N (1£120°)(1£0°) —o

— 2 —
Iy = Io +a”ly +aly = Z*** Z*E* Z***

(120°) (1£120°)(140°) N (1£240°)(1£0°) —o

— 2 —
Ie = Io. +a’ly +aly = 7 k% Z*** Z***

18.3.3.3.2 Line Currents through the HV Terminals

o ) ZOT
220°+120 (zos o T ZOT)

IA = 2111.1 +IOH =

7 k%
o ZOT
L (2+757257)
4 7 ®%%
of__Zos+ Zoy
e — 12180 (zos+zoH +ZOT)
B = lon T A"y T alpy = —lor = 7 wwk
of__Zos+Zon
Ic = Iy + aPLy + alyy = —lor = — (Z°5+Z°“ +Z°T)
¢ = lon T a7y T Ay = —lor = 7 wex
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18 Transformer Sequence Networks and Fault Currents

18.3.3.3.3 Current through HV Neutral

The current in the HV neutral is the sum of the common currents induced by the delta windings (3lor):

neutral 7wk 7Kk

310T _ 3 ( ZOS + ZOH )LO°
Zos + Zon + Zor

18.3.3.3.4 Tertiary Currents

The current in the delta tertiary is given by

o Zos + Zon
120 (ZOS + Zon + ZOT)

Ior = 7HHk

18.3.3.3.5 Common Currents

For autotransformers current in HV is combined directly with currents in LV ( e.g HV currents should be
subtracted from the LV currents to obtain common winding currents in an autotransformer.) This
calculation is to be performed in real amperes after HV and LV currents are established and cannot be done
in per unit quantities without a convenient base.

18.3.3.4 Phase Current Diagram

140‘{2 +¢]
Zos +ZoH +Z0T

VALL

(120°) (Zos +Zon)
Z0s +ZoH +Z0T

VALL

IpA =
Tor =

Z0s +ZoH + Z0T
Z***

| 4180"[ (Zos +Zou) J

—

Ic =

o—

705 +Z
141800[ (Zos +Zou) J
Zos +ZoH + Z0T

VALE]

Ig =

!

320° Zos +Z
INeutral =[ )7( 08 OH)

Z***)Z0S + ZoH + Z0T
IalL IclL Ibll__ _

I, =0

—
&
I
(=]

18.4 Star-Delta with LV Earthing Transformer (Ynd11 + zn)
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18 Transformer Sequence Networks and Fault Currents

18.4.1 Three Phase LV Fault

18.4.1.1 Sequence Network

l1n

o o I1L
Zis v Zin 1£0° 130 Zi. —
o—{ =] }H{ =1 O
1£0°G6"
N
I2H |2L
Zos —5> Zy 1£60° 1230° 7z, —Q
—3—o0—{=1 }H{ =] o
N
O
IOH |0|_
Zos H Zon ZoL Lo
o0—Q0 LA | L& | T O 0—O
Ay Link A Link
Zo Tank
bl
‘B’ Link ‘B Link
N
18.4.1.2 Sequence Currents
Define Z* = le + ZlH + ZlL
12£0° 1£30°
Ly = 7 Iy = 7+
IZH = 0 IZL = 0
Ioy =0 I =0 Iy =0
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18 Transformer Sequence Networks and Fault Currents

18.4.1.3 Phase Currents

18.4.1.3.1 Line Currents through the LV Terminals

12£30°
ly=Ig+L+L = 7%
(1£240°)(1£30°) 12 —90°
Ib =Io|_+a211|_+a|2|_= 7% = 7%
(1£120°)(1£30°) 1£150°
IL‘ =Io|_+a|1|_+a212|_ = 7% = 7%

18.4.1.3.2 Phase Currents in the Delta Winding

120°
Ia_phase = m

12 —120°
Iy phase = “

12£120°

I phase = N
18.4.1.3.3 Line Currents through the HV Terminals
140°

Z*

Iy =Ioy + Iy + Ly =

(1£240°)(1£0°) _ (12 —120°)

IB = IOH + azllH + a|2H =

Z* Z*
(1£120°)(1£0°) 1£120°
IC :IOH +a|1H+a212H = 7% = 7%
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18 Transformer Sequence Networks and Fault Currents

18.4.1.4 Phase Current Diagram

B P
A=

— H
O)

1£-120°

~ B

+30%

L

1£120°

J3z*

All quanties are in per unit values
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18 Transformer Sequence Networks and Fault Currents

18.4.2 Phase to Phase LV Fault

18.4.2.1 Sequence Network

i I
Zis W Zin 140_: ;4300 ZiL -1/
— ~ 1 O
o Y 3
1£0°(
N
O
I2H |2L
Zss —>  Zy 1£60°%), 1/30° 2z, Q"
—}——O0—{=%] 3H§ =] o
N
O
IOH IOL
Zo)s H ZO,H ZO,L L L
O0—QO A N T OO
‘A Link ‘Al Link
Zo Tank
By Link ‘B’ Link

18.4.2.2 Sequence Currents

Define Z** = Zyg + Zyy + Z1 + Zos + Zoy + Z3,.

140° 1430°
hw =7+ ==
I _ —1s60° L, = —-12430°
M= o 2= "
IOH = 0 IOL = 0 IOL' = 0

From the sequence network it can be seen that:

Ly =1
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18 Transformer Sequence Networks and Fault Currents

18.4.2.3 Phase Currents

18.4.2.3.1 Line Currents through the LV Terminals

1£30° —1£30°
+ =0

ly=Ig+L+1L = 7% ZH%

(1£240°)(1£30°) N (1£120°)(—1230°) _ V32— 60°

Ib = IOL+a211|_+a|2|_ = Z%x ZH 7%

(1£120°)(1£30°) (1£240°)(—12£30°) +/32120°
+ =
Z** Z** Z**

IC = IOL + a|1|_ - a212|_ =

18.4.2.3.2 Phase Currents in the Delta Winding

If the impedances of the three delta windings are equal, then the fault current will be divided with 2/3
going through the ‘c’ phase winding and 1/3 going through the ‘a’ and ‘b’ phase windings. These two
currents will sum at the ‘b’ phase LV Terminals.

I, 12— 60°

Iy phase = 3= Bz
I, 12— 60°

Iy phase = e Az
21, 22— 60°

I¢ phase = 3T e

18.4.2.3.3 Line Currents through the HV Terminals

1£0° —-1z£60° 1z -—60°
Iy =Ioq + Iy + Ly = + =

Z** Z** Z**
(1£240°)(12£0°) (12£120°)(—1460°) 12 —60°
IB :IOH+a211H+a|2H = Z%% + Z%x == 7%
1£120°)(140° 14£240°)(—1460° 22120°
IC=IOH+a|1H_a212H=( )( )+( )( )=

Z** Z** Z**
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18 Transformer Sequence Networks and Fault Currents

18.4.2.4 Phase Current Diagram

1/-60°
Tp=— ~
7 #% I, =0
—» H L
. _\3/-60°
b= 7 %%
H'
L. L 241200 L
C=" s o
> H
L _1£-60° IC:&_ﬁO
B="" s z
— H fL\'

All quanties are in per unit values
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18 Transformer Sequence Networks and Fault Currents

18.4.3 Phase to Earth LV Fault

18.4.3.1 Sequence Network

l1n

|
Z.e =, 1£0°1230° gz, —
A — 3lE — A
1£0°(
N
O
I2H |2L
Zos — Zon 146()?0 1£30° ZaL —
———o——f = 5
N
O
lon
Zos H Zon Zo L
O—Q0O A OO0—0O
) ‘A Link
‘A Link
|:Di| ZO Tank Delta
By Link © ‘B’ Link

18.4.3.2 Sequence Currents

Define Z** = Zys + Zyy + Zy + Zos + Zoy + Z5,.

[ 10 [ 130
M= 2200 ™ 24 Zpr
[ o 1460 [ 130
M= i zp, L
1£0°
Ioy =0 I =0 lov = 55—

T4 Zyer

From the sequence network it can be seen that:

Iop =Ly = I
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18 Transformer Sequence Networks and Fault Currents

18.4.3.3 Phase Currents

18.4.3.3.1 Line Currents through the LV Terminals

1230°  1230° )
Ig =l + 1y + L = 7% T Zgor + 7t Zom = 2230

(1£240°)(1£30°) (1£120°)(1430°) _ (12 - 150°)

I, = Ip, +a?l +al, = =
b " 2 2** + Zoer 2** + Zoer 2** + Zoer

(1£120°)(1£30°) (1£240°)(1430°) _ (12 - 150°)

I, = Iy +aly +a?hL = =
¢ " 2 2** + Zoer 2** + Zoer 2** + Zoer

18.4.3.3.2 Phase Currents in the Delta Winding

In steady state conditions the ‘a’ and ‘b’ phase winding will each carry currents equivalent to lo.

1230°
I; phase = 7%+ Zopr

1230°
Iy phase = % T Zopr
Ic_phase =0

18.4.3.3.3 Line Currents through the HV Terminals

120° N 1460°  \/3230°
(Z** + Zoer)  (Z** + Zoer) (2% + Zoer)

Iy =Ioy + Ly + Ly =

. (1£240°)(1£0°)  (1£120°)(1£60°) V32— 150°
IB:IOH+a 11H+a|2H: % + o == ok
(Z** + Zoer) (Z** + Zyer) (Z** + Zyer)

(12£120°)(120°) (14240")(1460")_
(Z** + Zyer) (Z** + Zoer)

IC = IOH + allH + a212H =
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18 Transformer Sequence Networks and Fault Currents

18.4.3.4 Phase Current Diagram

3.230° _ . 2730° | 3300
—_— a~ S ex . - = e 5
A Z** 4+ ZoET 2%+ ZoET Z**+ZoET
— H L L' S
C oo 1£30° T *i& g
+3% b= 7%k Z07ET Z**+ ZO0ET L
R AN -— I, =0
1430 T N L R
Z**+ZOET "y
az,
“ 1£30° T 130"
== 7547,
_ \Bz-150° © Z**+ ZopT oFT
B Z**+HZOET - L.IC:O
— —>
1£30°
Z**+ ZOET

All quanties are in per unit values

18.5 Star-Delta-Star, HV Earthed, LV Earthing Transformer (Ynd11y + zn)
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18 Transformer Sequence Networks and Fault Currents

18.5.1 Three Phase LV Fault

18.5.1.1 Sequence Network

lin I
Zis H Zin Zy -
O X X O
It
1£0° 1£30° Zir T
1£0°( }H{ (2 +—oO
N
)
I2H |2L
Zss H Zon Zy g
—L_1 O =N PN O
lot
o o
140? 1£-30 Zor T
3H§ L2 ©
lon
Zos H Zon Zoo
- A

‘A’ Link
ZOT

? |E| Zo Tank Delta

‘Br’ Link [ ‘BL’ Link

18.5.1.2 Sequence Currents

DefineZ* = le + ZlH + ZlL

Ly = 1;_*00 Iy = 1;_*00

Ly=0 LL=0

Ioy =0 I =0 Iy =0
ILi1=0 Lr=0 Ior=0

From the sequence network it can be seen that I, = I,
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18 Transformer Sequence Networks and Fault Currents

18.5.1.3 Phase Currents
18.5.1.3.1 Line Currents through the LV Terminals

120°
lo =Io + I+ 1y =7

12240°)(140° 12 —120°
Ib=10|_+a211|_+a|2|_=( )( ):( )

zZ* zZ*
12£120°)(140° 12£120°
Io =1Io +aly +a’l = ( Zz( ) = ( 7% )

18.5.1.3.2 Line Currents through the HV Terminals
140°

Z*

Iy =Ioy + Iy + Ly =

(1£240°)(1£0°) _ (12 —120°)

IB = IOH + a211H + a|2H =

Z* Z*
12£120°)(12£0° 1£120°
Ig = Ioy + alyy + a’hy = ( Zz( ) = ( 7% )

18.5.1.4 Phase Current Diagram

Ia = 1£0° L = 120°
A= 7% aT %
— H L L
1£-120°
Iy =
7%
L L'
I 1£120°
1£-120° c=
Ig = H 7 x L —Z$L|
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18 Transformer Sequence Networks and Fault Currents

18.5.2 Phase to Phase LV Fault

18.5.2.1 Sequence Network

l1n

Zss H Zin Zy -1
O A A O
It
1£0° 1.£30° Zir T
1£0°( }H{ (2 +—o0
N
O)
lon
lo
Zos i Zon Zo -
—_ 1 O <A | A | O

1£0° 1£-30° 7 e

?HF — 5

‘By’ Link

‘BL’ Link

18.5.2.2 Sequence Currents

DefineZ** = Zyg + Zyy + Zy + Zos + Zoy + 2y,

140°
7%

—-12£0°
7%

IOL=0

1£0°
Ly = e Ly =—+
—1£0°
Ly = T L =—+
IOH - 0
ILiy=0

Lr=0

Ipy =0

Ior =0

From the sequence network it can be seen that:

Ly = Iy
Ly =1
Iiy = by
Iy =1
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18 Transformer Sequence Networks and Fault Currents

18.5.2.3 Phase Currents

18.5.2.3.1 Line Currents through the LV Terminals

120° —120°

Ia:IOL+IlL+12L=2*—*+ Z**

(1£240°)(1£0°) N (1£120°)(—140°) _ V32 —90°

Ib =IO|_+a211|_+a|2|_= Z** Z** Z**

(1£120°)(120°)  (12£240°)(—120°) +/3290°
+ =
7 ®% 7 *% Z**

IC = IOL + a|1|_ - a212|_ =

18.5.2.3.2 Line Currents through the HV Terminals

1£0° —12£0°
Z** + Z** =

Iy =Ioy + Iy + Ly =

(1£240°)(1£0°) N (1£120°)(—140°) _ V32 —90°

IB - IOH + a211H + a|2H - Z** Z** Z**

(1£120°)(1£0°) N (1£240°)(—140°) _ V32£90°

IC - IOH + allH + a212H - Z** Z** Z**

18.5.2.4 Phase Current Diagram

I, =0 I,=0

o
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18 Transformer Sequence Networks and Fault Currents

18.5.3 Phase to Earth LV Fault

18.5.3.1 Sequence Network

l1n

Zss H Zin Zy -
O BN X O
It
1£0° 1£30° z —
3lle T T
1£0° 3[|E L& | O
N
O)
I2n |
2L
Zss 0 Zon Zo L
O N PN O

1£0° 12-30° 5~ —*>
?HF — 5

‘By’ Link

‘BL’ Link

18.5.3.2 Sequence Currents

Define 2** = Zyg + Zyy + Zy + Zos + Zoy + Z3,.

[ = 10 o= o
M= 2t 2000 U™ 2ot zp
[ = 10 [ = 1o
2H — Z**+Zo ET L= Z**+Zo ET

1£0°
Ioy =0 Ip, =0 Iy = —
OH oL 0 = i Zoer
Liy=0 Lr=0 Ior =0

From the sequence network it can be seen that:

Ly =hL =hLy=6L =Iy

.22 westernpuwer
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18 Transformer Sequence Networks and Fault Currents

18.5.3.3 Phase Currents

18.5.3.3.1 Line Currents through the LV Terminals

120° N 120° 220°
Z*x +Zger  Z¥x +Zoer  Z* % +Zger

ly=Ig+L+L =

(1£240°)(12£0°) (12£120°)(1£0°) _ 12180°
Z* * +Zogr Z*x +Zger  Z* % +Zger

Ib = IOL + a211|_ + a|2|_ =

(1£120°)(12£0°) (1£240°)(1£0°) _ 12180°
Z* * +Zogr Z*x +Zger  Z* % +Zger

IC = IOL + a|1|_ + a212|_ =

18.5.3.3.2 Line Currents through the HV Terminals

120° N 120° 220°
Z*x+Zoer  Z**+Zoer  Z* % +Zger

IA=IOH +11H +12H=0+

(1£240°)(12£0°) (12£120°)(12£0°) _ 12180°
Z* % +Zogr Z*x+Zoer Z* % +Zger

IB = IOH + a211H + a|2H =

(1£120°)(12£0°) (12£240°)(1£0°) _ 12180°
Z* % +Zogr Z*x +Zoer 2% % +Zger

IC = IOH + allH + a212H =

18.5.3.4 Phase Current Diagram

2£0° o
2£0° AT 7wz, F=graey
Ia= *x 0ET Z¥*+ ZORT
Z**+ZOET .
— H L L
an e a‘ 1£0° f
g T TZ**+Z0ET )
18 Z**+ 20T 1£0°
€ Zo zopr ™ ", Z**+ZoEr
: I, =0
— H -— N
) L r
__ 12180° L20°
Z¥*+Z0ET T I.=0
-— Z**+7Z
—» H i 0ET _>L'
O
T 1£0°
Z**+ Z0ET
lo
3£0°
Igp=
Z**+ ZOET
—

18.6 Star-Star, LV Earthing Transformer (Yy+zn)
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18 Transformer Sequence Networks and Fault Currents

18.6.1 Three Phase LV Fault

18.6.1.1 Sequence Network

lin lL
Zss H Ziy Zi -
O A A O
1£0°( N
N
O
I2H |
2L
Zss H Zon Zo g
— 1 O { A | { A | O
N
O
loL:
Zo L '
A O O0—O0
‘Al Link
|:Di| Z0 Tank Delta
‘By Link
18.6.1.2 Sequence Currents
Define Z* = le + ZlH + ZlL
140° 140°
Ly = 7+ Iy = 7+
IZH = 0 IZL = 0
Ioy =0 I =0 Iy =0

From the sequence network it can be seen that:

Ly =1y,
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18 Transformer Sequence Networks and Fault Currents

18.6.1.3 Phase Currents

18.6.1.3.1 Line Currents through the LV Terminals

140°
Iy =1Io + 1L+ 1 =
2 14 —120°
Ib =Io|_+a 11|_+a|2|_:Z—*
(1£120°)(120°)  (1£120°)
IL‘ =Io|_+a|1|_+a212|_ = 7% = 7%

18.6.1.3.2 Line Currents through the HV Terminals
140°

Z*

Iy =Ioy + Iy + Ly =

(1£240°)(120°) 1z -120°

IB = IOH + a211H + a|2H =

Z* Z*
14£120°)(140° 14£120°
Ic = Ioy + alyy + a’hLy = ( Zz( ) = ( 7% )

18.6.1.4 Phase Current Diagram

A= S
—_— ,I:'\ L L

Iy = 1£-120°

%*

L L
1£-120° 1£120°

BT =7
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18 Transformer Sequence Networks and Fault Currents

18.6.2 Phase to Phase LV Fault

18.6.2.1 Sequence Network

lin I
Z1s H Ziy Zy -
A LA 0 | S S | e
1£0°
N
O)
S
I2H Iy
Zss r Zon Zy g
S S
N
O)
S

ZOL L
A O O0—O
‘AL’ Link
|:Di| ZO Tank Delta
‘BL’ Link

18.6.2.2 Sequence Currents

Define Z* x= le + ZlH + Zl|_ + Zzs + ZZH + ZZL

140° 140°
IlH = 7% IlL - 7%
—-12£0° —-12£0°
IZH = 7% IZL - 7%
IOH=O IOL=0 I(,)L=0

From the sequence network it can be seen that:

Ly = Iy
Ly =1
Liy = by
Iy =1
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18 Transformer Sequence Networks and Fault Currents

18.6.2.3 Phase Currents
18.6.2.3.1 Line Currents through the LV Terminals

1£0° —140°_
e e

ly=Ig+L+L =

(12£240°)(12£0°)  (1£120°)(—120°) /32 —90°
Z* + 7% Z*

Ib = IOL + a211|_ - a|2|_ =

(1£120°)(12£0°) (1£240°)(—120°) _ \/3290°
Z* + 7% T 7«

IC = IOL + a|1|_ + a212|_ =

18.6.2.3.2 Line Currents through the HV Terminals

140° —140°_
s e

Iy =Ioy + Iy + Ly =

(1£240°)(12£0°) (12£120°)(-120°) _ V32 —90°
Z* + Z* T Z¥«

IB = IOH + a211H + a|2H =

(1£120°)(12£0°) (12£240°)(-120°) _ \/3290°
Z* + 7% T 7«

IC = IOH + allH + a212H =

18.6.2.4 Phase Current Diagram
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C & %
_Zél_.
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18 Transformer Sequence Networks and Fault Currents

18.6.3 Phase to Earth LV Fault

18.6.3.1 Sequence Network

l1h lie
Zss H Ziy Zi -
O) |T| | | O)
S A S
1£0°(
N
O
I2H |
2L
Zs Tig Zon o -
— 1 O { A | { A | O

‘Ay’ Link

< 1

Di| Z0 Tank Detta

‘B’ Link O

T

‘B’ Link

18.6.3.2 Sequence Currents

Define Z** = Zyg + Zyy + Zy + Zos + Zoy + Z3,.

Lo e Lo 120
M= 2200 ™ 74 Zper
Lo 12 Lo 1o
M= i zp, L
1£0°
Ioy =0 In =0 Iy = ——
OH oL oL %4 Zg g

From the sequence network it can be seen that:
Ly=h =hy=1

Iop =1 =1L
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18 Transformer Sequence Networks and Fault Currents

18.6.3.3 Phase Currents

18.6.3.3.1 Line Currents through the LV Terminals

2£0°

Iy=L+6L +I) =———
a 1L T I T oL 75 ¥ Zoer

(1£240°)(1£0°) (1£120°)(1£0°) _12£180°

Ib = IOL + a211|_ + a|2|_ =

(1£120°)(1£0°)  (1£240°)(1£0°) _12£180°

IC = IOL + a|1|_ + a212|_ =

18.6.3.3.2 Line Currents through the HV Terminals

120° N 120° 220°
% + Zogr 2%+ Zoer  2**+ Zoer

Iy =Ioy + Iy + Ly =

(1£240°)(120°) (12£120°)(12£0°) _ 12180°

IB = IOH + azllH + aIZH =

(1£120°)(12£0°) (12£240°)(1£0°) _ 12180°
Z** + Zoer %+ Zoer ¥+ Zoer

IC = IOH + allH + G,ZIZH =

18.6.3.4 Phase Current Diagram

2/20°

Ll 2 Iy = N
A Z*% 4+ ZoET Z**+ZOET F Z¥* 4+ ZOET
— H ,I; 'E
. 4
_ 2/0° T 1£0° —L—
! Z**+ZOETT Z*¥*+ ZOET
Lo 12180° ‘ *:&
C Z**+ ZOET B, sz\Z +Z0ET I, =0
— H FL L >
° 1£0°
5= *1*4180 Z%%+ ZogT T 1£0° L -0
Z Z T c
+ZOET N Z**+ ZOET -
U O O
T 1£0°
Z**+ ZOET
lo lo lo
3£0°
Ifp=—-"—"""—
Z*¥*+ ZOET
—

18.7 Star-Delta-Star, HV / LV Solidly Earthed (YnynO0)

@I&I{
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18 Transformer Sequence Networks and Fault Currents

18.7.1 Three Phase LV Fault

18.7.1.1 Sequence Network

l1n

Zis H Zin Ziw _|_>
O LA | A | O
|
1£0° 1230° 5 —»
1£0°( }H{ L& f O
N
I2H |2L
Z3s " Zon Z L
—L1 O =1 &1 O
lot
1£0° 1£-30° Zor -
| ———
N
O
IOH IOL
Zos H Zon ZoL L
Ay Link ‘AL’ Link .
4
oT o
¢|0T¢ D ZO Tank Delta
‘B’ Link ‘BY Link ‘B’ Link ?
O
N
18.7.1.2 Sequence Currents
Define Z* = le + ZlH + ZlL
140° 140°
IlH - 7% IlL - 7%
IZH = 0 IZL = 0
IOH = 0 IOL = 0
Lit=0 Lr=0 Ior=0

From the sequence network it can be seen that:

Ly =1

— westernpower
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18 Transformer Sequence Networks and Fault Currents

18.7.1.3 Phase Currents
18.7.1.3.1 Line Currents through the LV Terminals

120°
lo =Io + I+ 1y =
(1£240°)(120°) _ 12 —120°
Z* N 7 *
(12£120°)(120°)
Z*

Ib = IOL + a211|_ + a|2|_ =

IC = IOL + a|1|_ + a212|_ =

18.7.1.3.2 Line Currents through the HV Terminals
140°

Z*

Iy =Ioy + Iy + Ly =

(12£240°)(120°) 1z -120°

IB = IOH + a211H + a|2H =

Z* Z*
1£120°)(140° 14£120°
Ic = Ioy + alyy + a’hy = ( Zz( ) =T o

18.7.1.4 Phase Current Diagram

LS Ll
= a=
zZ o
1£-120°
Iy =
Z*
5 s
1£-120° 1£120°
IR=—"7—— I. =
B=", -2
O O O
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18 Transformer Sequence Networks and Fault Currents

18.7.2 Phase to Phase LV Fault

18.7.2.1 Sequence Network

l1H

Zis H Ziy Zy -1
——1+—o0 e L 5
It
120° 1./30° Zir —
1200 }‘ ‘{ 2+
N
O
IZH |2L
Zss > Zon Zy -
—L 1§ O =N &1 O
lot
1£0° 1£-30° Zor -
| ——
N
O
lon lo
Zos H Zon ZoL L
N ‘AL Link
Ay’ Link
T
(@]
? D| Zo Tank Deita
‘B’ Link ‘Bt Link = ‘B’ Link
T 7

18.7.2.2 Sequence Currents

z0

Define Z** = Zyg + Zyy + Zy + Zos + Zoy + Z3,.

1£0°
hw =7+
~1£0°
by =—5
IOH =0
Li=0

1£0°

L=+

_—120°

by =—+

IOL=0

Lr=0 Ior =0

From the sequence network it can be seen that:

Ly = Iy
Ly =1
Liy = by
Iy =1

2= westernpuwer
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18 Transformer Sequence Networks and Fault Currents

18.7.2.3 Phase Currents

18.7.2.3.1 Line Currents through the LV Terminals

120° —120°

Ia:IOL+IlL+IZL=2*—*+ Z**

(14240°)(140°)) N (1£120°)(=12£0°) V32 —90°

Iy = I+ a?Ly +aly = < Zw Z%x 7%

(12120°)(120°)  (12£240°)(—=120°) /3290°
IC =IO|_+a|1|_+a212|_= Z** + Z** = Z**

18.7.2.3.2 Line Currents through the HV Terminals

120° —120°

IA:IOH+11H+IZH22*—*+ Z**

(1£240°)(120°) (12£120°)(—12£0°) /32 —90°

IB = IOH + azllH + aIZH =

(1£120°)(1£0°) (12£240°)(—120°) +/3290°

IC = IOH + allH + G,ZIZH =

18.7.2.4 Phase Current Diagram

I, =0 I, =0

or

or
or:

Uncontrolled document when printed
© Copyright 2024 Western Power

Page 319 of 377



=38 westernpuwer

18 Transformer Sequence Networks and Fault Currents

18.7.3 Phase to Earth LV Fault

18.7.3.1 Sequence Network

l1H

Zss H Ziy Zy -
O LA | S O
It
1£0° 1./30° 7z —
Jlle T T
1£0° 3[|E L& O
N
O
I2n lo
Zss - Zon Zy -
—L 1§ O =N &1 O
lot
1£0° 1£-30° —
Jlle T T
3[|E L& | O
N
O
lon lo
Zos H Zon ZoL L
e WG o e ao0—0
‘A Link ‘AL Link
T
(@]
? D| Zo Tank Delta
‘B’ Link ‘Br’ Link a ‘B’ Link ?
O
N

18.7.3.2 Sequence Currents

Zot(Zos +Zon)

H kkk —
Define Z*** = 2(Zys + Zyy + Z1) + Zo + Zs+Zon+ 701

This is the impedance used to determine the common current through the:

1) Positive sequence HV and LV Terminals

2) Negative sequence HV and LV Terminals

3) Zero sequence LV Terminals
Zot

Zos+Zon+Zot
through the zero sequence HV Terminals.

is the current divider factor used to determine the portion of the common current that flows

Zos+Zon
Zos+Zon+Zot
through the zero sequence tertiary winding.

is the current divider factor used to determine the portion of the common current that flows
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18 Transformer Sequence Networks and Fault Currents

The sequence currents can then be written as:

[ 1o o 1o
[ 1o [ v
o Zot
jA— 140 V(ZOS+ZOH+ZOT) I = 120°V
Zos+Z
1LOOV( 05+ZoH )
L-=0 IL-=0 I = Zos+ZoH+ZoT
1T — 2T — oT — ZHH®

From the sequence network it can be seen that:
Lhy=h =hLy=5L =1y
18.7.3.3 Phase Currents

18.7.3.3.1 Line Currents through the LV Terminals

340°

Z***

loy=Ig+L+1L =

120°  (1£240°)(1£0°) N (1£120°)120° _0

— 2 —
Iy = Io +a”ly +aly = ZH*** Z*** Z***

120°  (12£120°)(1£0°) N (1£240°)1£0° _0

— 2 —
Ie = I +aly +a’f = ZH*** Z*** Z***

18.7.3.3.2 Line Currents through the HV Terminals

o #
L, <140°) N 120 (Zos + Zon +ZOT) _1 0 (#)
A~ ZH** Z*** T Zxxx Zos + Zoy + Zot
1£180° f  Zgs + Zoy
Iy = Ioy + @Iy +alyy = —lor = ZHH (Z + 7 +Z )
0s OH oT
1£180° 1 Zgs + Zoy
Ic = Iow + aliy + a?hy = —lor = Z¥** (Z +Zoy+Z )
0s OH oT

18.7.3.3.3 Current through HV Neutral

The current flowing in the HV neutral (In) is the portion of the zero sequence current contributed by the
system (HV solidly earthed).

The current in the HV neutral is equal to 3lop.

320° (7572 7)

VATE]

IN = 310H =

— westernpnwer Uncontrollgd document when printed
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18 Transformer Sequence Networks and Fault Currents

18.7.3.4 Phase Current Diagram

Iy = 120°(,, ZoT MOO[ Zos +ZoH ]
Zrxx ZoS +ZoH +ZoT o = Zos +ZoH +ZoT
0T = 7 ko

— H

Ic

_ 1£180° Z0S +ZoH
Z2*¥** \ Zos +ZoHg +ZoT

— H

I

_ 1£180° ZoS +ZoH
Z*** | Zos +ZOH +%|0T

29

z
; m[$}
In = Z0s +ZoH +Z0T
N= 7wk

18.8 Star-Delta-Star, LV Solidly Earthed (Yd11yn)

18.8.1 Three Phase LV Fault

18.8.1.1 Sequence Network

I1H |1|_

Zss H Ziy Zy -
O A A~ O
It
120° 1./30° Z —
1£0°(AN }‘ £ (2 }—o0
N
n I
Zss - Zon Zo -
—1__1 O N ~ o)
lot
1£0° 1£-30° —
3lle 2T T
31|E L& | O
N
O
loL
ZoL L
A1 qo—0
‘A Link
Z T
ot o
? D| Zo Tank Delta
‘B’ Link ?
O
N
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18 Transformer Sequence Networks and Fault Currents

18.8.1.2 Sequence Currents

Deﬁne Z* = le + ZlH + ZlL

11H=z_* 11L=z_*
Ly=10 LL=0
Ioy=0 Io=0
Ly=0 Lr=0 Iy =0

From the sequence network it can be seen that:

Ly =1
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18 Transformer Sequence Networks and Fault Currents

18.8.1.3 Phase Currents
18.8.1.3.1 Line Currents through the LV Terminals

120°
lo =Io + I+ 1y =7

(1£240°)(1£0°) _ (12 —120°)

Ib = IOL + a211|_ + a|2|_ =

zZ* zZ*
12£120°)(140° 12£120°
Io =1Io +aly +a’l = ( Zz( ) = ( 7% )

18.8.1.3.2 Line Currents through the HV Terminals

120°
lo =Ioo + I+ 1 =7

(1£240°)(1£0°) _ (12 —120°)

IB = IOH + a211H + a|2H =

Z* Z*
12£120°)(12£0° 1£120°
Ig = Ioy + alyy + a’hy = ( Zz( ) = ( 7% )

18.8.1.4 Phase Current Diagram

or

or

_1£-120°

I 7+
> H
\J

or
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18 Transformer Sequence Networks and Fault Currents

18.8.2 Phase to Phase LV Fault

18.8.2.1 Sequence Network

I

Zis H Zin Zi -
O A =~ O
|
1£0° 1230° 5 —»
1£0° }Hg L& | O
N
I2H |
2L
Zss e Zon Zo L
O A A= O
lot
1£0° 1£-30° —_—
2T T
———
N
|0H IOL
Zos H Zoo L
O0—O O A= QO0—O0
‘A Link A Link
T
O
?[Di| Zo Tank Detta
‘Bw’ Link ‘B’ Link ?
O
N
18.8.2.2 Sequence Currents
Shown with the tertiary Terminals brought out.
Define Z** = le + ZlH + ZlL + ZZS + ZZH + ZZL
12£0° 12£0°
Ly = TZex Iy = b
-12£0° -12£0°
by =—x Ly=—
IOH = 0 IOL = 0
Lit=0 Lr=0 Ior=0
From the sequence network it can be seen that:
Ly =1y
Ly =1
Liy = Dy
Ly =1
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18 Transformer Sequence Networks and Fault Currents

18.8.2.3 Phase Currents

18.8.2.3.1 Line Currents through the LV Terminals

120° —120°

Ia:IOL+IlL+12L=2*—*+ Z**

(12£240°)(1£0°) N (1£120°)(=12£0°) V32 —90°

Ib =IO|_+a211|_+a|2|_= Z** Z** Z**

(1£120°)(1£0°) N (1£240°)(=1£0°) V3290°

IC =IO|_+a|1|_+a212|_ - Z** Z** Z**

18.8.2.3.2 Line Currents through the HV Terminals

120° -120°
Iy = oy + hiy + L) = Z"‘—*+ Zex

(1£240°)(120°) (12£120°)(—12£0°) /32 —90°

IB = IOH + azllH + allH =

(1£120°)(1£0°) N (1£240°)(=12£0°) V3290°

IC - IOH + allH + G,ZIZH - Z** Z** Z**

18.8.2.4 Phase Current Diagram

IA:0 Ia=0
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18 Transformer Sequence Networks and Fault Currents

18.8.3 Phase to Earth LV Fault

18.8.3.1 Sequence Network

1 I

Zss H Ziy Zy -
o P A} o
|
1£0° 1230° —
1T T
1£0° }H{ =] o)
N
I2H |2L
Zzs _H> ZZH ZZL _L>
o ] s o
lot
1£0° 1£-30° 5 —
2T T
J——=—
N

ZoL L

A= QO0—C0
‘AL’ Link

-

(@)

‘B’ Link ‘B’ Link
T
N
18.8.3.2 Sequence Currents
Define Z** = le + ZlH + ZlL + ZZS + ZZH + ZZL
I = 1£0° I = 1£0°
IH ™ Zex g 70 +Zo7 W™ 2oy 70 4207
L. = 1£0° I = 1£0°
H ™ zexyz0 4207 L7 2tz +Zor
1£0°
Iy =0 Iy = —
OH OL ™ w70 + 27
1£0°
ILi=0 Ly=0 Iojf = —
T 2T 0T = Zov i Zo + 20
From the sequence network it can be seen that:
Ly =15 =hLy =L =Io =Ior
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18 Transformer Sequence Networks and Fault Currents

18.8.3.3 Phase Currents

18.8.3.3.1 Line Currents through the LV Terminals

340°

Iy=I+I,+L =—7—7——7—
a = loL T Iy T It Z5% 1 ZoL + Zor

L =L +a?l +al = 140° N (1£240°)(120°) N (1£120°)(1£0°) _0

b L T A S T o + Zor | T + Zou + Zor | T+ oL+ Zor
140° 1£120°)(140° 14£240°)(140°

IC=IO|_+a|1|_+a212|_= +( )( )+( )( )_0

%%+ Zo  + Zor  Z** + Zo +Zor ¥+ Zo + Zor
18.8.3.3.2 Line Currents through the HV Terminals

120° 120° 2£0°

Iy =Iow+ Iy + by = + =
AT TR TN T ek 2o+ Zor | %+ Zo + Zogr 2%+ Zou + Zot

(1£240°)(1£0°)  (1£120°)(1£0°) 12180°

Ig = Ioy + a?liy +alyy = =
5 fon WU ey Zo 4+ Zor | T+ Zo+ Zor 2%+ Zo + Zo

(1£120°)(1£0°)  (1£240°)(1£0°) 12180°

Ic = Ioy + alyy + a?Ly = =
€7 oH T e T I Zo+ Zor | T+ Zo+ Zor | 2%+ Zo+ Zo

18.8.3.4 Phase Current Diagram

L= 3£0°
IAZL IOT=$ a Z¥*+ZoL +ZoT
Z¥*+ZoL +Z Z¥*4+ZoL +Z
OLH 0T OL *£0T L HL
\ 9 N \ 9 {
l £
1£180°
le=—m s 7
Z**+ZoL +Z0oT I =0
b=
H ;
5 s
B 1£180°
= e - o I.=0
Z*¥*+ZoL +ZoT ¢
—» H ﬁ

L
© o

18.9 Star-Star, HV Solidly Earthed, LV Earthing Transformer (Yny0+zn)

%, IV@@VI {
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18 Transformer Sequence Networks and Fault Currents

18.9.1 Three Phase LV Fault

18.9.1.1 Sequence Network

l1H I
Zss H Ziy Zy -
I 2] S
L= T LA T A\
N
)
\J
I2H |2L
Zss Ty Zon Zo L
—L1 O A | A | O
N
O
lon lo.
Zos H Zon Zo L
= A O 00O
‘As Link ‘A Link
ZO Tank Delta
‘B’ Link ? ‘B Link ?

18.9.1.2 Sequence Currents

Define Z* = le + ZlH + ZlL

1£0° 1£0°
Ly = 7+ L = 7+
IZH - 0 IZL - 0
Ioy =0 I =0 Iy =0

From the sequence network it can be seen that:

Ly =1,
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18 Transformer Sequence Networks and Fault Currents

18.9.1.3 Phase Currents

18.9.1.3.1 Line Currents through the LV Terminals

120°
lo =Io + I+ 1y =7

12240°)(140° 12 —120°
Ib=10|_+a211|_+a|2|_=( )( ):( )

Z* Z*
(1£120°)(12£0°) (1£120°)
IL‘ =Io|_+a|1|_+a212|_ = 7% = 7%

18.9.1.3.2 Line Currents through the HV Terminals
140°

Z*

Iy =Ioy + Iy + Ly =

(1£240°)(1£0°) _ (12 —120°)

IB = IOH + a211H + a|2H =

Z* Z*
(1£120°)(12£0°)  (1£120°)
IC :IOH +a|1H+a212H = 7% = 7%

18.9.1.4 Phase Current Diagram

1£0° Iazuo
IA= 7+ 7%
R E L L'E
_14120° 8, [ lz-120°
A 2
—
L L
12 -120° 7 o
I - [ 14120
7* c 7 %
—_— H L L'>
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18 Transformer Sequence Networks and Fault Currents

18.9.2 Phase to Phase LV Fault

18.9.2.1 Sequence Network

hin I
Zis H Zin Zy -
O 1 1 O
S - S
1£0°
N
O
I2H |
2L
Zss w Zow Zy g
A | — A
S = S
N
O)
S
IOH IOL

A —O O0—O0

‘A Link ‘A’ Link
ZOTankDelta
‘B’ Link ?

18.9.2.2 Sequence Currents
DefineZ** = le + ZlH + ZlL + ZZS + ZZH + ZZL

12£0° 12£0°
hw =75 =3

—-12£0° —-12£0°
by =—5 ho=—
Ioy =0 I =0 Iy =0

From the sequence network it can be seen that:

Ly = Iy
Ly =1
Iiy = by
Iy =1
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18 Transformer Sequence Networks and Fault Currents

18.9.2.3 Phase Currents
18.9.2.3.1 Line Currents through the LV Terminals

12£0° —12£0°
Z** + Z** =

ly=Ig+L+L =

(1£240°)(120°) (12£120°)(—12£0°) /32 —90°

Ib = IOL + a211|_ + a|2|_ =

(1£120°)(12£0°) (12£240°)(—120°) +/3290°

IC = IOL + a|1|_ + a212|_ =

18.9.2.3.2 Line Currents through the HV Terminals
140° —12£0°

(1£240°)(120°) (12£120°)(—12£0°) /32 —90°

Iy =Ioy + Iy + Ly =

IB = IOH + a211H + a|2H =

(1£120°)(1£0°) (12£240°)(—120°) +/3290°

IC = IOH + allH + a212H =

18.9.2.4 Phase Current Diagram

IA =0

-
o |
o

32-90°

4**

L
J3.290°
I, =
L :

()l_\&
*
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18 Transformer Sequence Networks and Fault Currents

18.9.3 Phase to Earth LV Fault

18.9.3.1 Sequence Network

l1n

I1L

Zss H Zin Zy -1
O X X O
1£0°(
N
O
I2H |
2L
Zss H Zon Zy i
— 1 O A | { A | O

‘An’ Link

18.9.3.2 Sequence Currents

Define Z** = Zyg + Zyy + Zy + Zos + Zoy + Z3,.

[ 1oV
M= 2t z00
Lo 1oV
M= i zp,
IOH - 0

From the sequence network it can be seen that:

L =

L =

IOL=0

Lhy=hL =hLy=6L =y

: =) westernpnwer

140°V
Z** +Zyer

140°V
Z** +Zyer

IOL’

1£40°V

T4 Zyer
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18 Transformer Sequence Networks and Fault Currents

18.9.3.3 Phase Currents

18.9.3.3.1 Line Currents through the LV Terminals

340°

Iy=Ih+I+L =——7—
a = loL T Iy T It 75 ¥ Zoer

(12£240°)(120°) (1£120°)(120°) _ 12180°
Z** + Zoer %+ Zogr I+ Zoer

Ib = IOL + a211|_ + a|2|_ =

(1£120°)(1£0°) (1£240°)(1£0°) _ 12£180°

IC = IOL + a|1|_ + a212|_ =

18.9.3.3.2 Line Currents through the HV Terminals

120° N 120° 2£0°
Z¥* + Zogr  Z¥* 4+ Zogr 2+ Zogr

ly=Ig+L+L =

(1£240°)(12£0°) (12£120°)(120°) _ 12£180°
Z** + Zoer % + Zogr 2%+ Zoer

IB = IOH + azllH + aIZH =

(1£120°)(120°) (12£240°)(12£0°) _ 12180°

IC = IOH + allH + G,ZIZH =

18.9.3.4 Phase Current Diagram

220°

2/0° la=—— Ip = 3/0°
— +Z0ET T 7%
IAN=—""""" Z2*¥*+ 7
A Z***+Z0ET — —5 OET
— » H L L
. . 4
2/0°
l Z**+ZoET T 1£0° -
1£180° . 1.£0° Z%%4 ZopT
I =Z***+ZOET Z**+ ZOET I, =0
— H T o
o “ 1400 -
1o 14180 Zre e Zogt S
Z*** 47 0BT «— Z**+ ZOET HC
— H L T
U
1£0°
Z**+ Z0ET
lo
3£0°
Ip=———-—
Z*¥*+ ZOET

18.10 Delta-Star (D11yn)

O—feo I{
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18 Transformer Sequence Networks and Fault Currents

18.10.1 Three Phase LV Fault

18.10.1.1 Sequence Network

l1H

I
Zis H Zin 140; gé -30° Zi -1
— 1 O L& | 3‘ ‘E { A= | O
N
I2H o o |2L
R e S 2
—1 O & | 3‘ ‘f_ S O
N
O
IOH IOL
Zos H Zon Zo L
—L_ —0—--00 L2 | { A= | Q0—O0
Ay Link ‘A Link
|:Di| ZO Tank Delta
‘B’ Link ‘B’ Link

i

z0

18.10.1.2 Sequence Currents

Define Z* = le + ZlH + ZlL

140° 124-30°
Ly = 7+ Iy = 7+
IZH = 0 IZL = 0
IOH = 0 IOL = 0
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18 Transformer Sequence Networks and Fault Currents

18.10.1.3 Phase Currents
18.10.1.3.1 Line Currents through the LV Terminals
12 —30°
Iy =1Io + 1L+ 1 =T
(1£240°)(1£ — 30°) _ (12 —150°)

Ib = IOL + a211|_ + 12|_ = 7% 7%
(1£120°)(1430°)  (14£90°)
IL‘ = Io|_+a|1L+a212|_ = 7% = 7%

18.10.1.3.2 Line Currents through the HV Terminals

120°
Iy =Ioy + Iy + Ly = 7%
(1£240°)(120°) _ 12 —120°

IB :IOH+a211H+12H = 7% 7%
(1£120°)(120°)  (1£120°)
IC = IOH + allH + a212H = 7% = 7%

18.10.1.4 Phase Current Diagram

1200

()Il

_1£120°

Ic= "
H

O

C1/-120°

Ip

7 *
—

ozx
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18 Transformer Sequence Networks and Fault Currents

18.10.2 Phase to Phase LV Fault

18.10.2.1 Sequence Network

l [
2o Tz 1£0°12-30° 4 .
— o—f{=1 }H{ =1 o
140°@
N
I2H o o I2L
Ze  —  Za 140°1230 Z, s
—— +—o0—{ =] }H{ 2] o
IOH
ZOS H
O0—OO
‘An’ Link

‘B’ Link ?

18.10.2.2 Sequence Currents

Define Z** = Zys + Zyy + Zy + Zos + Zoy + Z5,.

140° 14-30°
hw =7+ hy=—2
[ o D1460° [ o D130
M= " A= "
IOH =0 IOL =0

From the sequence network it can be seen that:

Ly = by

Ly =1
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18 Transformer Sequence Networks and Fault Currents

18.10.3 Phase Currents

18.10.3.1.1 Line Currents through the LV Terminals

12 —-30° —12-30°
Ia=IOL+11L+12L= Z%% + Z¥% =0

(1£240°)(12—-30°) (1£120°)(—12—-30°) +32-—120
+ =

Ib = IOL + a211|_ + a|2|_ =

(1£120°)(12 —30°) (1£240°)(—12—30°) +3460°
+ =

IC = IOL + a|1|_ + a212|_ =

18.10.3.1.2 Line Currents through the HV Terminals
140° —-12—-60° 14£60°
(1£240°)(1£0°) (1£120°)(—12—60°) 24 —120°

Iy =Ioy + Iy + Ly =

IB = IOH + azllH + a|2H =

(1£120°)(1£0°) N (1£240°)(—=12 — 60°)  12£60°

IC = IOH + allH + G,ZIZH = 0 +

18.10.3.2 Phase Current Diagram

I _1£60°
A= 7 %%
—
a

_ 1£60°
AT

—
H

2/ -120°
Ig =

7k *
H

O
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18 Transformer Sequence Networks and Fault Currents

18.10.4 Phase to Earth LV Fault

18.10.4.1 Sequence Network

lin

L
Z1S —H> Z1H 1400 14_300 Z1L _L>
—— +—o0—{= }H{ ] o
1200
N
o
|2H 1£0° 1./30° la
Zys > 2w Zy -
—— +—o0—{=1 }H{ e O
N
o
IOH IOL
Zos H Zon ZoL L
O—OGC A )~ QO—-0O
‘A Link ‘A Link
|:Di|ZO Tank Delta
‘B’ Link ? ‘B’ Link $

z0O

18.10.4.2 Sequence Currents

Define Z** = Zys + Zyy + Zy + Zos + Zoy + Z5,.

1£0° 14-30°

hy =0 L=
14-60° 14-30°

Ly =m0 Ly =g
14-30°

Ioy =0 Io = e 1o

From the sequence network it can be seen that:

Ioo =1L =1L
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18 Transformer Sequence Networks and Fault Currents

18.10.4.3 Phase Currents

18.10.4.3.1 Line Currents through the LV Terminals

34— 30°

ly=Ig+L+1L =

5 (1£0°) (1£240°)(12—30°) (1£120°)(1£ —30°)
Ib=10|_+a11|_+a|2|_= =0
7** + ZOH + ZOL 7%* + ZOH + ZOL 7%* + ZOH + ZOL
140° 1£120°)(1£ — 30° 14£240°)(14£ — 30°
IC=IO|_+a211|_+a|2|_= ( ) +( )( )+( )( )=
7** + ZOH + ZOL 7%* + ZOH + ZOL 7** + ZOH + ZOL

18.10.4.3.2 Line Currents through the HV Terminals

120° N 12-60° V32 —30°
4 Zou+ Zo. I 4 Zoy+ Zo, M+ Zoy + Zo,

Iy =Ioy + Ly + Ly =

(1£240°)(120°) (12£120°)(12 — 60°) _ 0
2% 4+ Zoy + Zo, I+ Zoy + Zo.

IB = IOH + azllH + aIZH =

(1£120°)(1£0°)  (1£240°)(1£ —60°) V32150°
2% 4+ Zoy + Zo, 4+ Zon +Zo, T+ Zoy + Zo,

IC = IOH + allH + G,ZIZH =

18.10.4.4 Phase Current Diagram

e 32 -30° 3/-30°
Z**+ZoH +ZoL a_Z**+ZQH+Z()L
o -

£

R YA
c Z**+ZoH +ZoL I, =0
—
a L
Ig =0 I, =0
— —>
H L
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18 Transformer Sequence Networks and Fault Currents

18.11 Appendix A — ‘a’ Operator

Figure 4.1.1.1 summarises the sequence network operator ‘a’.

Figure 18.11 - ‘a’ operator

)

‘Point’

‘Kink’

Red Phase _(a+a2)
' -

I
0.5 1 1.5

y

Uncontrolled document when prirked,
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All ‘points’ have a magnitude of V3 and are spaced at 60° intervals starting from +30° (e.g. (1 — a?) = +/3230°). All *kinks’ have a magnitude of 1
and are spaced at 60° intervals starting from —(a + a?) = 120°.
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18 Transformer Sequence Networks and Fault Currents

18.12 Appendix B — Common Notation

Table 18.1 - Common Notation

Notation Meaning

Ia Line current through the HV Terminals of the A phase
la Line current through the LV Terminals of the A phase
lat Phase current through the A phase tertiary winding
l1in Positive sequence current through the HV Terminals
l2n Negative sequence current through the HV Terminals
lon Zero sequence current through the HV Terminals

Zis Positive sequence source impedance

Zos Negative sequence source impedance

Zos Zero sequence source impedance

Zot Zero sequence tertiary impedance

e Fault current

18.13 Appendix C — Per Unit
18.13.1 Per Unit Base Values

Vease = Viine

I - SBase
Base \/§V]335e

VBase2
Zgase = = 1)
Base MV ABase

18.13.2 Equations
Total Apparent 3 Phase Power, S = 3xV,pxl,;, = \/§(Vzinethe)

Western Power has selected 100 MVA as its base 3 phase power, thus:

100MVA

Loctuar (KA) = Ly, TG
line
18.13.3 Example

Determine the actual phase currents for an LV earth fault on a 132 / 22 kV YNd11 + zn transformer (refer to
section 18.4.3.4).

1) System Information:
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18 Transformer Sequence Networks and Fault Currents

a) Z**=0.985pu

b) ZET =360=7.438 pu

18.13.3.1 Line Currents through the LV Terminals

Lo 3e30° 32300 .

oo = 7wk +Zpr  (0.985 + 7.438) pu
__/100MVA .

IFIine = (0.357430 pu) (W) = 0.936430°kA

, =230 28307 o3g,300

%" Zwx +Zgr  (0.985 + 7.438) pu
__/100MVA .

Ialine = (0.238430 pu) (W) = 0.6254£30°kA

=1 =0 180 409,300

Do = leow T Z%% 1 7 T (0.985 + 7.438) pY

100MV A

Ibline = ICline = (0119430°pu) (W

) = 0.313430°kA

18.13.3.2 Line Currents through the HV Terminals

V3230° V3230°
I = - = 0.206230°
4 = 7k +Zg;  (0.985 + 7.438) pu
100MVA

Lajine = (0-206430°pu)( ) = 0.091230°kA

V3132kV

o V3£30° V32 -150°
Bow ™ Z wx +Zr ~ (0.985 + 7.438)

100MV A
V3132kV

= 0.206£ — 150°pu

Iy, = (0.206230°pw) ( ) — 0.0912-150°KA

- westernpuwer Uncontrollgd document when printed
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18 Transformer Sequence Networks and Fault Currents

18.13.3.3 Phase Current Diagram

I, =0.625/30°kA
Ip =0.091230°kA I =3I =0.937230°kA
—» H L L'

O

—
Iy =0.313230°KA| 110:0.313430 kA f

a
L L
IaT = 0.313430°kAT | 2
Ic=0

az,

+30°%
29

T Ip =0.313£30°kA
Ig =0.091£-150°kA

—_— H
O

-— I.=0

L—>

T Ip =0.313£30°kA
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19 Appendix A — Protection Grading Example

19 Appendix A — Protection Grading Example

19.1 Overcurrent Grading Margins
19.1.1 Minimum Grading Margins

19.1.1.1 Case 1:
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19 Appendix A — Protection Grading Example

19.1.1.2 Case 2:
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19 Appendix A — Protection Grading Example

19.1.1.3 Case 3:
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19 Appendix A — Protection Grading Example

19.1.1.4 Case 4:
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19 Appendix A — Protection Grading Example

19.1.2 Ring Systems
19.1.3 Interconnected Systems
19.1.4 Transformer Thermal Limit (I’t)

19.1.4.1 Low Source Impedance

19.1.4.1.1 System Information

19.1.4.2 Calculation
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19 Appendix A — Protection Grading Example

19.1.4.3 High Source Impedance

19.1.4.3.1 System Information

19.1.4.4 Calculation
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20 Appendix B — Selecting Instrument Transformers Examples

20 Appendix B — Selecting Instrument Transformers Examples
20.1 Examples

20.2 Current Transformer Examples
20.2.1 Knee Point

20.2.1.1 Transformer LV CT

20.2.1.1.1 Stability
20.2.1.1.2 Reliability

20.2.1.2 Transformer HV CT

20.2.1.2.1 Stability
20.2.1.2.2 Reliability
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20 Appendix B — Selecting Instrument Transformers Examples

20.3 IPCT Examples
20.3.1 Ratio

20.3.1.1 HV Star / Delta IPCT
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20 Appendix B — Selecting Instrument Transformers Examples

20.3.1.2 HV Star / Delta IPCT With Existing LV IPCT
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20 Appendix B — Selecting Instrument Transformers Examples

20.3.2 Knee Point

20.3.2.1 Transformer HV In-Zone Fault

20.3.2.1.1 Main CT Saturates
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20 Appendix B — Selecting Instrument Transformers Examples

20.3.2.1.2 Main CT Does Not Saturate

20.3.2.2 Transformer — LV Through Fault
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20 Appendix B — Selecting Instrument Transformers Examples

20.3.3 Resistance

20.3.3.1 Example 1 Collier T1

_.El WEStEI'nPEIWEI' Uncontrolled document when printed
— © Copyright 2024 Western Power
Page 357 of 377



20 Appendix B — Selecting Instrument Transformers Examples

20.3.4 Zero Sequence Filtering

20.3.4.1 IPCT Required

20.3.4.2 IPCT Not Required

20.3.5 IPCT Ratio Effect on Transformer Bias Setting
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20 Appendix B — Selecting Instrument Transformers Examples

20.3.5.1 Ratio Adjusted

20.3.5.1.1 Top Tap
20.3.5.1.2 Bottom Tap
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20 Appendix B — Selecting Instrument Transformers Examples

20.3.5.2 Ratio Not Adjusted

20.3.5.2.1 Top Tap
20.3.5.2.2 Bottom Tap

20.4 VT Examples

20.4.1 Shunt Resistor Calculation
20.4.1.1 Insignificant Secondary Burden
20.4.1.2 Significant Secondary Burden

20.4.1.3 Shunt Resistors Not Required
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21 Appendix C — Ordering Interposing Current Transformers Example

21 Appendix C — Ordering Interposing Current Transformers Example

21.1 Ordering IPCTs
21.1.1 Interposing CT Specification
21.1.1.1 Project Information

21.1.1.2 IPCT Information:
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21 Appendix C — Ordering Interposing Current Transformers Example

21.1.1.3 Ordering non-standard IPCTs

21.1.1.4 Standard Metering Class IPCTs
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22 Appendix D — Sequence Components & Phase Currents Examples

22 Appendix D — Sequence Components & Phase Currents Examples\

22.1 Functional Requirements

Examples in this document show how phase current distribution is derived from sequence components for
transformers on the Western Power system.

22.2 Examples
22.2.1 Regans

132 kv 33 kV 22 kV 132 kV

ZiL Zip
| N

132 kV 33 kV 22 kV 132 kv

132 kv 33 kV 22 kV 132 kv

T3 T4 ™

Star/ Delta / Star Star/ Delta Delta / Star

. il westernpnwer Uncontrollgd document when printed
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22 Appendix D — Sequence Components & Phase

Currents Examples

22.2.2 West Kalgoorlie Generator Zero Sequence

A request was made to move an earthing transformer from an adjacent busbar to the generator LV.

l1n

1£0° 1£30°

liL

Zss H Ziy 1L -
o— X} }‘ ‘{ =3 o
1£0°("
N
O
I2H |2L
(e} o
Zs —™  Zam 140? ; 1£-30° 2 —
——o0—{=x] 3‘ ‘a =1 O
;5
lon |
ZOS H ZOH ZOL L _0>
— & 000
‘Al Link
ZO Gen
Zo Tan
|:Di| 0 Tank Delta Zo er
‘B’ Link ‘B’ Link 32N

zC(

The 3Zy impedance is included in the generator HV neutral to limit earth fault currents in the stator of the
generator to typically 10A. Any unbalance above 10A will cause the generator stator earth fault protection

to operate.

An earthing transformer put across the LV terminals of the generator in parallel with the 3Zy impedance
reduces the fault current through the generator stator further. The ET in parallel with the 3ZN will reduce
the total zero sequence impedance and therefore increase the total fault current.

For earth faults within the generator (i.e. from a stator winding to the generator casing or core) the
earthing transformer contributes fault current (i.e. lec,0) which flows into the generator stator winding as

illustrated below:

© Copyright 2024 Western Power
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22 Appendix D — Sequence Components & Phase Currents Examples

T loec

Current will split between the stator and

transformer windings according to the current N
divider rule (by a factor of a and b respectively) 5/\
TTT3hm

Connecting the earthing transformer across the generator LV terminals is therefore unacceptable.

22.2.3 Distribution Connected Generator

22.2.3.1 System Normal, Earth Fault on Feeder at Generator End

I l=0
—
Zis o > Zin ZyL L&, ZyoR Z4 Hdistribution Z1,L distribution
et ose
O CEH =1 O L
H
Swis Z1 swer
N
T
IZH |2L
Zos . H Zow  Za Lo, ZaFOR Zapdistibution Za,_ distribution
O ~H < L ~
ZZ,SWER
N
T
lon loL
—
ZO,S clgiu H ZO,H ZO,L C\(éssed ZO,FDR Z1,H distribution ZD,L distribution
o N 00 L O = QO
Ay Link ‘A Link AW gis| Avgist
Link Link
N Zogr Zo swer
By Link B, Link
N
S
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22 Appendix D — Sequence Components & Phase Currents Examples

22.2.3.2 System Normal, Earth Fault on LV Terminals

l4n I
— —
Zis c8 H Zin ZyL Z1ror Zy W aistrioution Z1,1 distrbution
— Closed ~ . . Clesed
s A 2%
Swis Z1 swer
N
O
Ion |2L
—
Zys cs H Zon  Zp Zz FOR Z2 1 distribution Zz L distribution
— Closed ~ Clcsed
As <
+ ZZ SWER +
lon=0
—
Zys o I Zon  Zovp ZoFoR Z1 1 distriution Zo,L distribution
O A
Au Link
N . ZO,SWER
B Link By Link
22.2.3.3 System Normal, Earth Fault on HV Terminals
I1H |1L =0
— —
Zis o Zin ZiL L&, ZyFor Z1 H distribution Z1,L distribution
et ose
H
Swis Z1 swer
N
,T\
I2H |2L
—
Zs c8 Zow 2o Zz FOR Z2H distribution Zz L distribution
Closed Clused
O As 4
H
ZZ SWER
IOL
Cloond Zofor Z1 Hdistribution  Zo 1 distribution
2 Q

Ay Link

By Link

OO0
‘AL’ Link An dist
Link
5‘ Zogr Zo swer
B Link
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22 Appendix D — Sequence Components & Phase Currents Examples

22.2.3.4 PPG Islanded at LV Circuit Breaker, Earth Fault on Feeder at Generator End

l1n |1L =0
Zis c8 > Zin Zy Z1FoR Zi W aistrioution Z1,1 distrbution
———  Closed ) : oo |
O s
L H = |——H
H
Swis Z1 swer
Ion lo,
Zos . H Zon 2o Lo Zs For Zaaistribution Z2 . gistribution
L 1 O CeH~>1 O—xX s 2
Zs swer

Zi Hdistribution  Zo.L distribution
A Link

By Link

22.2.3.5 PPG Islanded at HV Circuit Breaker, Earth Fault on HV Terminals

li=0
Zis L o8 Z1 ForR
Closed
\J -
Swis Z1 swer
N
ff
IZH |2L
—
Zos & Zow 2oL Lo, Zz FOR Z2H distribution Zz L distribution
N ey, B N >
H
ZZ SWER
N
f\
ZO,S cB
: Open

Ay Link

By Link
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23 Appendix E — Sensitivity Examples
23.1 Introduction
23.2 Scope

23.3 Functional Requirements
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23.4 Examples

23.4.1 Electromechancial and Numerical Relay Error and Risk Comparison
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23 Appendix E — Sensitivity Examples

23.4.2 Protection Sensitivity Performance

23.4.2.1 Example 1 System Data
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23 Appendix E — Sensitivity Examples

23.4.3 Effect of Tap Changer

23.4.3.1 Case 1: Mount Barker T1

23.4.3.1.1 Configuration
23.4.3.1.2 Study
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23.4.3.1.3 Discussion

23.4.3.2 PSSE Study
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23.4.3.3 Case 2: Padbury T3

23.4.3.3.1 Configuration
23.4.3.3.2 Study
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23.4.3.3.3 Discussion
23.4.3.3.4 PSSE Study
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24 Appendix F — IEC Protection Device Address Naming Convention

24.1 |EC Protection Device Address Naming Convention

This section covers the convection for naming 61850 Protection IEDs Addresses within a Substation
environment. This address is used in the protection settings as well as found on the protection schematics.
Hence alignment between the two names is important to minimise unnecessary confusion.

The naming convections are based on IEC/ISO 81346 — 2.

24.1.1 Voltage Level

The first prefix will define the voltage level.

Prefix Description

E* 8 =132kV, 7 = 66kV, 5 =22kV, 3 =11kV, 2 =6.6kV 0 = 415V AC

24.1.2 Schematic Element

The second prefix will define the most relevant subclass that the IED is being used for. Below are the
commonly used schematic elements used by Protection Design.

Prefix Description

Q** ** = Circuit number

W* * = Busbar number

QK* * = goose manager device where * corresponds to the busbar that the goose manager is monitoring.

FG* * = Logic Controller (use the number of logic controllers on the cubicle)

FY* * = General protection device (starting chronologically from 1) not associated with a particular circuit
number / busbar number that does not fit one of the above categories. Examples of use of this prefix would
include System Synchronises and voltage selection relays.

24.1.3 Protection Number

The third prefix will define the Protection number which should match the battery number.

Prefix Description

F* 1 = Protection 1, 2 = Protection 2

24.1.4 Device number

The fourth prefix is a unique number (starting chronologically from Z1) used to differentiate for more than
one protection relay at the same protection location and battery number. The Z prefix has been added to
differentiate between a 61850 numerical relay with protection settings.
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24 Appendix F — IEC Protection Device Address Naming Convention

Prefix ‘ Description

z*

* = protection IED unique number

1 = Primary protection relay (example TX IED)
2 = Second protection relay (example TX RIO)
3 =Third protection relay (example TX AVR)
4 = forth protection relay (example TX MVR)
Etc.

24.1.5

Inter site GOOSE Schemes

When a protection IED is used to communicate using GOOSE messaging across multiple substations, a
Substation Identifier is to be appended before the voltage level. If a protection IED is only being used to
GOOSE locally within a substation this prefix is not required. Note, this prefix is only required when using
GOOSE between multiple substations, not for MMS applications between sites. This is because in GOOSE
applications, the IEDs reside in the same SCD file, whilst in MMS applications they reside in separate SCD

files.

Prefix

Description

% %k ¥

*** = Substation Code (Example ENT)
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